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"INTERACTION BETWEEN INTENSE OPTICAL RADIATION AND MATTER"

FINAL REPORT

1. Scope of Work Performed

The initial intent of research performed under this
grant was to study the interaction of intense laser radi-
ation with various optical media, in order to gain an
understanding of the physical processes involved. We then
intended to put this knowledge to work i{n order to avoid
the type of permanent damage o optical components which
was -- and still is -- being widely experienced when work-
ing with lasers at multi-megawatt power levels.

Although we were primarily intererted in the inter-
action vetween laser radiation and nominally transparent
optical media (such as crystals and glasses), we decided
first to study the interaction of focused laser beams with
various gases. The rationale behind this decision was
essentially that a gas was a much simpler, cleaner medium,
and would provide & basic insight into the more general
interaction problem. If we couldn't discover the mechanism
responsible for laser radiation-induced breakdown in gases,
we would have little hope of solving the problem for solid

media. As a result of an extensive experimental and




theoretical study of radiation-induced breakdown in inert
gases, we founc that the breakdown process was essentially
due to inverse Bremsstrahlung, in which free electrons
were accelerated by the intense optical field. This pro-
duced a chain-reaction in which previously accelerated
electrons produced a copious supply of free electrons by
means of impact ionization of the gas molecules. The re-
action is essentially triggered by the initial production
of a relatively small number of free electrons. It was
our well-supported conclusion that these initial electrons
were provided by multi-photon ionization of impurities
having & low ionization potential. These impurities need
only be present in a few parts per million in order to

be effective in initiating the chain reaction leading to
breakdown. Moreover, the threshold radiation density
necessary to produce a chain reaction of inverse
Bremsstrahlung is generally well in excess of that re-
quired to provide the initial free electrons via multi-
photon photoionization. As a result, the breakdown process
is essentially a linear one (it would be non-linear if
multiphoton effects played a more dominant role). The
results of these studies of laser-induced gas breakdown

have been described in earlier reports, and have been




published in the open literature (see publications list).
Subsequent work published by other workers has confirmed
our conclusions.

As a result of our findings with gas breakdown, we
vere very pessimistic about being able to avoid similar
effects in solids. Damage in transparent media is
basically unavoidable when the radiation density is high
enough to initiate the inverse Bremsstrahlung chain re-
action. This threshold occurs in the vicinity of 1,000
to 10,000 n.glwatco/cmz. The mechanism i{s essentially
the same as in a gas, but the hot plasma produced inside
a solid produces thermal stresses which lead to gross
permanent damage. Of course, damage will occur at lower
radiation density levels if the material contains any
sizable impurities which are capable of absorbing the
laser radiation (for example, platinum particles of the
type often found in glass). Damage arising in this manner
can be avoided by more careful preparation of the materials.
After gathering enough data to confirm our opinions on
laser-induced damage to solids, we stopped work in this
area. Work by others doing research in this area has
yielded similar results, with similar conclusions. Some

workers have observed laser radiation-induced bulk




photo-conductivity in transparent media just below the
damage threshold (we had observed a similar production
of free electrons just below the breakdown threshold in
gases).

The second major area in which vve did research sup-
ported by this grant, was saturable absorption. A simple
two-level atomic system, exhibiting absorption at a given
frequency, will become increasingly transparent at photon
irradiances (i.e. photonl/cmzsec) in excess of (61)'1,
where ¢ is the absorption cross-section of a single atom
and 1t 1is the lifetime of the excited state. The situation
is more complicated when the energy-level structure of
the atom is more complex, and when excited-state transitions
have to be taken into account. Organic dyes are particular-
ly interesting saturable absorbers because of their very
large cross-sections. These dyes have been extensively
used for both Q-switching and mode-locking in solid laser
systems.

After a relatively superficial study of a number of
saturable absorbers, we decided to make an extensive study
of a small number of organic dyes (with basically differing
characteristics) which exhibit saturable absorption at

the wavelength of a ruby laser. Some of the results of




this study have been published, and the entire study is
described in detail in Appendix 1. As a result of this
study we are now able to set criteria for various appli-
cations of saturable absorbers, and we feel we have an
extensive understanding of the paiticular dyes which we
have studied. 1In addition, we have found that the satur-
ation characteristics of a dye can provide considerable
insight into the energy-level structure of the dye --
particularly with regard to excited states and intersystem

crossing times.

II. Publications Resulting from the Work Supported
by this Grant

1. M. Hercher, M. Young and C. Wu, ''Somec
Characteristics of Laser-Induced Air Sparks,"
J. Appl. Phys. 37, 4938 (1966).

2. M. Young and M. Hercher, ''Dynamics of Laser-
Induced Breakdown in Gases,' J. Appl. Phys. 38,
4393 (1967).

3. E. Panizza and P.J. Regensburger,'Optical Probe
Attenuation in CS, Induced by a Ruby Laser,"
Phys. Letters 24A, 321 (1967).

4. M. Hercher, D.L. Stockman and W. Chu, "An
Experimental Study of Saturable Absorbers for
Ruby Lasers,' J. Quantum Electronics, QE-4,
954 (1968).

(A more comprehensive paper on saturable absorption in
organic dyes is in preparationy
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Thie thesis describes a study of the nonlinear abe
sorption properties of a number of the organic dye mole-
cules which have been widely used in conjunction with
ruby lasers., The dominant characteristic of this non-
l1inear behavior is a reduction in the optical transmission
of a dye sanple vhen irradiated with intense laser light,
The *hree dye molecules studied are cryptocyanine, mstal-
free phthalocyanine, and chlorocaluminum phthalocyanirs,
wvhich were dissolved in a variety of solveats,

In chapters II and III, the primary photophysicsl
processes of polyatomic molecules are discussed. Several
excited-state lifetime of the three molecules have been
determined experimentally., 7Yt was found that the non-
radiative internal conversion lifetime for the transition
from the first excited singlet t; the ground state for
netal-free ph;halocyaninc 18 7 x 10”? sec.

In chapter 1V, 'the saturation of molecular absorption
for these three molecules is analyszsed on the basis of a
rate equation approach to a simple three-level model plus
excited=sti.te absorptions. Experimental results on the

saturation of absorption and fluorescence are comparable

to analytical results for the range of Q-switched pulse

iv



durations being used, Excited singlet-state adsorptions
are found to be the dominant cause of the residusl losses
exhibited by phthalocyanine molecules. The excited sing-
let=singlet absorption cross-section was found to be
1027 cn?, The cbserved saturation maximum in the nen-
1inear absorption of chlorcaluminum phthalocyanine at
high laser intensity is explained in terms of & model in-
volving three absorptive transitions in the singlet msani-
fold. A value of -10"}! gec for internsl conversion from
the second excited singlet to the first singlet state is
deduczed from the experimental data,

The gensral characteristics of dye CQ-switched laser
pulse evolution are &Lauom in chepters V and VI, ¥
describe experiments wvhich were performed to study the
nature of the spectral hole-burning responsible for fre-
quency=locking between different lasers. Several possible
mechanisms for the phencmenon are discussed,
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CHAPTER I
INTRODUCTION

Since the first successful operation of passively
Q=switchcd lasers using strongly absorbing organic dye

1,2 general interests

moleculcs as saturable absorters,
have been to investigate the nonlincar absorption pro-
perties of these organic molecules with high intensity
laser radiation., In particular, saturation of molecular
transitions which is the basic mechanism for the switching
process in a passively Q-switched laser has been intensely
studied both experimentally and theoretically. Organic
polyatomic molecules are known to have complex energy-
level structures vhich can be separated into the singlet
and the triplet manifolds, and these excited levels which
are coupled to the photo=excitation will have different
relaxation processes.3 A detailed study of the satura-
tion mechanism of these molecules will require knowledge
of the nature of the excited levels involved and their
respective relaxation rates. Under high intensity ex-
citation, in addition to the absorp:ion processes which
originate in the ground state of the molecules, excited-

state absorption will also become significant if the




transition is allowed and if the steady-state concentra-
tion of the excited level is significant.4

Early experiments on the saturation of molecular
transitions for orqganic dye molecules were done by
Armstrong,5 in which the transmission of several phtha=-
locyanine molecules dissolved in some inert solvents was
measured as a function of incident power from a Q-switched
ruby laser., The experimental results were then compared
with a steady=-state mechanism for a two-level system,
even though some of his results indicated that the triplet
states had been appreciably populated. Gires and cOmbaud6
similarly studied a variety of phthalocyanine molecules,
where they concluded that the triplet states of the phtha=-
locyanine were negligibly populated, thus a steady-state
two=level system for the molecules would be adequate to
describe the saturation of absorption. Later investiga-
tion by Kosonocky7'8 shovwed that after ;he passage of a
high intensity laser pulse, almost all of the molecules
can be in the triplet state. The question arises as to
how important a role does the triplct state play in de-
termining the saturation of absorption. Since the inter-
nysfem crossing time and the triplet-state lifetime are
not precisely known, experimental results on saturation
of absorption are generally compared to models which
10

assume the two relaxations to be either shdrt,9 or long

with regard to the incident laser pulse duration.,



Under a fast-relaxation steady-state condition, the

saturation of absorption for any two or three level models
was shown to depend on the input power lcvol.11 Sheldenlz
has considered the case for a two-level system in which
the excited~state lifetime is long enough to invalidate
the steady-state assumption. Calculation on saturation
of absorption indicated significant departure from the

13 have considered

steady~state results, Hercher, et, al,
systems with a long-=lived triplet state and fast inter-
system crossing: the saturation of absorption in this case
was shown to depend on the integrated energy input, Ex-
perimental results have not been obtained which would
verify these predictions.

Measurements on the saturation of absorption for
organic molecules 1nd1cl§cd that the molecules do not
become completely transparent even at a very high inten-
sity levelslo there are residual losses present., Gir;slo
first proposed this as due to excited-state absorption.

11

Hercher, and Hutf,l‘ have considered different aspects

of the excited-state absorption on saturation of molecular
absorptions. The experimental observations of Gibbl‘
indicated that significant excited-state absorptiion does
take place in chloroaluminum phthalocyanine molecules
when excited with a Q=switched ruby larer pulse., PFurther-
more, an increase in the transmission of tlie molecules

up to some maximum value with a subsequent decrease at a



still higher intensity level was obsérved., However, it
is not clear whether this is due to excited-singlet or
triplet-state absorption.

Ancther problem associated with the saturable ab-
sorbers which has been of considerable interest, concerns
the question ¢£ the homogcniety of the broadening mechan=-
ism of the electronic transitions in these molecules.
Since tie output spectral bandwidth of dye Q-switched
laser is extremely narrow, some frequency sclective
mechanicn by the dye molecules may pe involved. Sooy15
has pointed out that natural selection of mode by the
absorber in the laser cavity would be possible due to the
large number of loop transits in the cavity required for
the buildup of the Q=switched pulse., Soffer and
McFarland,16 in their experiments with frequency=locking
of two lasers, indicated significant spectral hole=burn-
ing does exist in the phthalocyanine molecules, The term
"spectral hole-burning" implied a reduction in absorption
in the vicinity of a specific frequecncy. However,
measurements on the bleaching spectrum of the phtha-
locyanine molecules indicated no permanent (i.ec, of
greﬁter duration than 20 nsec or so) holes exist in the
spectral transition.8 This problem is still unresolved
at this stag;.

The purpose of this thesis is to atudy the three

most commonly used saturable absorbers for Q-switching



ruby laser; cryptocyanine, metal-free phthalocyanine, and
chloroaluminum phthalocyanine, Their saturation charac=
teristics will be investigated hy first determining sev-
eral of their excited-state lifetimes, Then experimental
results on saturation of absorption will be compared with
theoretical results, Experiments will be pef!ormed to
investigate the nature of residual absorption and the
problem of spectral hole-burning., 1In Chapt;r 11, the
primary photophysical processes of organic polyatomic
molecules which are important in the saturation of
molecular absorptive transitions will be discussed
briefly. Chapter III is concerned with the general
spectroscopy of these three molecules, Various excited-
state lifetimes will be determined, In Chapter 1V,
different mechanisms leading to the saturation of mole=
cular absorption will be discussed, and the experimental
results compared with the theoretical expressions.,
Additional measurements will be performed to investigate
the excited-state absorption processes, which will serve
to determine the nature of the residual losses, Chapter
v gnd VI arc concerned with the output characteristics

of passively Q=-switched lauér. Experiments on the fre-
quency=-locking of two lasers will be performed to inves=
tigate the nature of the spectral hole~burning exhibited
by the dye molecules., Several possible meéhanilms lead-

ing to frequency-locking of two lasers will be discussed,
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CHAPTER II
GENERAL PROPERTIES OF THE MOLECULES

II-1 Introduction
‘

In this chapter we consider briefly some aspects of
the spectroscopy and related relaxations of the molecules
which are moa% commonly used as saturable absorbers for
Q-switching ruby lasers. These will be of direct interest
to us in studying the dynamics of these molecules when
used as Q-switching devices inside ruby laser cavities,
in particular, for the study of the saturation of absorp-

tion under strong laser radiation,

II-2 The Interaction of L;gpt with Polzatomic Molecules

Due to the manifolds of vibrational and rotational
levels associated with each electronic state of a poly-
atomic molecule, its interaction with an electromagnetic
field is significantly different from that of a simple
atomic system, In particular, radiationless relaxations
will be greatly enhanced due to overlapping of vibrational

and rotational levels, Triplet states, under the zeroth

-7-



Figure 1I-1., Potential energy diagram for a diatomic
molecule, so'.sl' and Tl denote ground singlet, first

excited singlet, and fic-st triplet respectively.
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order restriction of spin selegtion rules, cannot be
optically excited from the ground einglet; however, with
small inter=molecular perturbation, wiak cocupling etill
exists, The coupling between the triplet and the excited
sinqglet is stronqger than with the ground singlet due to
strongor vibronic overlapping, thus making this coupling
one of the major channels of decay for the excited singlet
state, ‘

As a simple illustration, a diagram for the poten-
tial energy curves of a diatomic molecule is shown in
figure 1l-)l, Within each potential well several vibra-
tional levels are drawn) the corresponding wavefunctiocns
are also shown, It should be noted that for a polyatomic
molecule, potential energy surfaces have to be constructe
ed with the associated vibrational levels., Photon abe
sorpticn processes generally obey thc PranckeCondon prine
ciple, which states that the time required for the ab-
sorption of a quantum of light and the resultant transi-
tion of an electron to an excited state is so short
(10°2%
solecule (10713 gec) that during the act of absorption
and excitation the nuclei do not appreciably alter their

sec) compared to the period of vibration of the

relative position or their kinetic energies. Thus the
vertical straight lines represent transitions to the
various vibraticaal levels of the excited eslectronic
state,



«10-

Relaxaticn of the excitation normally follows several
diffcrent channels of dccay., Resonant fluorescence is
rarely observed for pclyatomic molecules even in vapor
phasc, as thc nolecules vibrationally equilibrate quickly,
usunlly dropping to the zeroth vibrational l.v.llo
Fluorescence will originate from the szeroth vibrational:
levc:)l to the various vibrational levels in the ground
statc with a lifetime which is dctermined by the dipole
strength of the electrenic transition, Radiationless re-
laxation from the excitel state to the ground state de-
pend:i atronoly on the overlapping of the two different
vib-enic manifolds, and also on environmental effects;
such as solvent quenching.

Intersystem crosying to the triplet state has been
kncwn to play a vital role in depopulating the excited
sinclat, At present, the nature of the radiationless
intoraystem crossing is still not well understood, Trans-
fcr via the vibronic overlapping is believed to be the
dominating mechanism, but solvent perturbation and spine
orbital couplina due to paramagnetic constituted atoms
are also tmpo:tantz.

Radiative relaxation of the triplet state is known
to be relatively long due to small coupling between the
triplet and the ground singlet, which gives rise to after-
glow or phosphcrescence. In a liquid state no phosphores-

cence can normally be observed, generally due to solvent
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or impurity quenching. Oxygen has been known to be a
particularly effective quencher of organic triplets in
solution, Second order processes, most notably excited-
state concentration quenching, will be important if the
concentration of the excited molecules is high, The over-
all rate of decay of the triplet can be written as,

- 19-2-) s k (N,.) + k_ (M )2 + k. (M) (N ). (II-1)

at 172 272 3 2

where (Nz) is the concentraticn of the triplet, (M) is the
concentration of the quenching molecules or the impurities,

kl' kz, and k., are the radiative decay, second order

decay, and th: bimolecular cquenching rates respectively.
Absorptive transitions to higher excited states are

also possible if the transitions are allowed. Relaxations

of the higher excited states will be extremely fast, of

=11l .o 10712

order 10 sec, due tc strong overlapping of the
different vibronic manifoldsl. The triplet-triplet ab-
‘sorption spectrum can.be measured with the technique of
flash photolysis if the lifetime of the first triplet is
sufficiently long; however, little work has been done on
the first excited singlet's absorption due to the fact
that its lifetime is of the order of :I.O"8 sec or less

for strongly allowed transition.
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Figure 1I-2, Jablonski energy=-level diagram, show=
ing the singlet and triplet manifolds, with the

associated vibronic sub=structure.
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II-3 Modified Jablonski Diagram and Related Parameters

In fiqure II-2, we have used a modified Jablonski
diagram to describe the energy-level structure of a typical
polyatomic molecule, showing the singlets and the triplets
with their associated vibratiornal manifolds. Various
first order relaxations are labelled at Tye We neglect
rate processes of second order in dye con;chtration be=~
cause in all cases a dilute solution of the molecules was
used,

The following is a brief discussion of each of the
parameters which is important in treating the interaction
of light with a typical polyatomic molecule.

(1) o - (absorption crcss-section): In terms of the
Einstein B coefficient the probability of an induced trans-

h

ition from the it level to the jth level in a unit volume

per unit time is

Pij = u(vij) Bij Ni (II-2)

Here u(v,.) is the eneray density of the incident electro~

ij

magnr:tic radiation at frequency v, _, Ni is the number of

i)
molecules in the ith level, and the coefficient Bij is

2 .
2n|ug .| .

k(] qic
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Here gi is the degeneracy of the initial state, luijlz is
the total dipole moment matrix eleme:it squared, which is
summed over all degenerate final and initial substates,
If we assume that the exciting radiation is in the form
of a quasi-collimeted beam having a photon irradiance

I(vij) photons/cmzsec. at the frequency v,,, we can write

i3
the probability of the induced transitions per sec as

P = I(v

14 N (I1-4)

i3) %1y My
wyere O34 = Bijh“ij/c is the absorption cross-section of
the molecule at frequency vij' This quantity is a charac~-
teristic of the moelcules involved and is independent of
the incident radiation,

A determination of the absorption cross-section for
a particular transiticn can easily be made, According

to Beer's law
_— @ (II~5)

The transmission of the small signal incident intensity
I° is determined by Nge the concentration of the molecules,
Oy the absorption cross-section at frequency v, and x,

the thickness of the cell being used.

R
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(2) 14, = (spontaneous radiative lifetime): This is
just the inverse of the Einstein A cocfficient and is
given by

43 2
64 v |u13|

A =l - - (1I-6)

3
Ty 3t c 9,

For polyatomic molecules, if the excited state is homo-
geneously hroadened, T3y can be approximated from the in-
tegrated absorption curve by the modified Fuchbauer=-

Ladenburg formu1a3

- -3 "1 g
I S 2.88 x 10 9n2<§f 3, b chln@ (I1=7)
T Ave, 93
31
-3 -1 -3
where <vf >Ave = |I(v)dv/|v "I(v)dv, I(v) is the fluores-

cence intensity profile, € is the extinction coefficient,
gi's are the degeneracy parameters assocliated witlh each

ith level, and n is the index of refraction,

(3) T3 - (overall lifetime of the excited state):
Since second order kinetics are not important in a dilute
solution, we consider only the several first order re-

laxations from the first singlet, t. will be given by

3

3 ‘32 an

—ll.—'
ara

i




Experimentally, 73 can be determined if the radiative life=-

time T3 and the quantum yield of fluorcscence deq is

known, then 7, will be given Ly

T3 " %, T3 i)
T3 can be measured directly by exciting the molecules with
shert duration light pulses and observing the fluorescence
with a high speed dectecting system. Using a mcde-locked
laser as an exciting light source witi output pulses of

duration in the 10”11

sec region, decay times of the
order of ].0-9 sec can be measured with a high spced photo=-
multiplier. Duguay and Eansen4 recently were ablc to

-11

measure lifetimes in the region of 10 sec with an

ultrafast light gate.

(4) Typ - (Intersystem crossing time): No direct
spectroscopic mathod can be used to determine the inter=-
system crossing to the triplets., Techniques by which the
populations of the triplet arc being measured have been
used to estimate the intersystem crossing rates., For
strongly phosphorescing molecules, Aeasurements of the
quantum yi2ld of phosphorescence will give an order of
magnitude for the intersystem crossing ratess. For mole~
cules exhibiting strong triplet-triplet abscrptions, the

‘time development of the triplet state populations under
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excitation of a short duration pulse to the first singlets
can be used to deduce the values of 1326. However, if the

values of Tye T and T, are known, T__ can be determined

31’ 32
from equation (II-8). In some of the organic molecules,
non=-radiative relaxations back to the ground states are

not significant, and 7 5 can be determined by the simple

3
expression
{
T, T
v, = 31 (11-10)
32 5 =3
31 3
(5) Ty - (Overall lifetime of the triplet): From

(II-1) we see that the triplet will relax with the three
different mechanisms, Neglecting second order decay, we

assign t as an overall lifetime, Details concerning

21
the triovlet decay and its determination have been dis-
cussed before, However, it should be emphasizgd that
triplet decays are generally long compared to other ex-
cited=-state relaxations, and are usually dominated by non=-

radiative processes,

(6) °f1. = (Quantum yield of fluorescence): This

quantity is defined as

¢ o Number of fluorescent photons
£l, Number of absorbed photons



The relation between the radiative lifetime and the quantum
yield of fluorescence is given by (II-9)., Ordinary
fluorescence measurements can be used to determine ‘fl.

by integrating the total fluorescence output as compared

with the amount of light absorbed by the sample,

{7) Noneracdiative relaxations: Thele.includo re-
laxation processes from the first excited singlet to the
ground singlet Tio intersystem crossing. Tt3,,vibronic
relaxation within an electronic state Tyr and higher ex-
cited electronic state relaxation processes to the adjacent
lower excited state To* The theory of non-radiative
transitions is still incomplete due to the complexity of
the problem, LCnvironmental perturtation, especially the
interaction with the phonon field of the solvent molecules,
have been treated theoretically by Gouterman7. Perture
bations due to various vibronic manifold overlappings

8,9,10,11 and Robinsonz'lz.

have been treated by Siebrand,
Comparing theoretical predictions with experimental data,
Siebrand was able to obtain sufficiently good agreements
for the case of aromatic hydrocarbonsg'lo. As for other
large organic molecules, experimental data are still
lacking for a detailed theoretical analysis. Experimental
determinations of the various non-radiative relaxation
processes are generally difficult since direct detection

method can seldom be used, For the case of internal



conversion rates (11)-1 from the firat excited singlet
states, onc has to deduce their values by determining the
rates for the various competing channels of decay: inter-
system crossina and radiative decay. Vibrational relax-
ation rates (tv)-l are belirved to be very fast for rela-
tively larac moleculns, due tc the fact that fluorescence
is generally observed to be originated from the thermally
Lroadened lowest vibronic levels of the oxéited singlets.
Using the ultrafast light gatc technique, Duguay 2nd
uansen‘ have been able to measure this relaxation rate,
vhich is ~1012 uc'1 for polymethine dye molecules., In-
ternal conversion rates among the higher excited states
(1e)-1 vill be greatly enhanced for large molecules due
to the strung overlarpings among the different vibronic
marifolds cach associated with the closely spaced excited
electronic states, Intersystem crossings from higher ex-
cited states to states with different multiplicity have
been found to be insignificant compared to internal con-

13

version™™, indicatina that spineselection rules are still

preserved at higher excited levels.,

I1I=-4 Homoncnecously versus Inhomogeneously Broadened System

In contrast to atomic system, polyatomic molecules
exhibit diffused absorption bands due to the overlapping

of the manifolds of troadened vibrational levels. The




broadening mechanisms for each individual vibronic level
can generally Le seperated into two categories, Firstly,
the thermal Lroadening caused by random fluctuations of
the nuclear coocrdinates in the molecules; and secondly,
the collisional broadening caused by environmental pere
turbations, Low temperature measurements on the absorpe-
tion and emission spectra can sometimes reveal the fine

14

structure of the vibrational levels” , Similarly, some

molecules shovw diffused al'sorption and emission bands in
the presoncs as vell as absence of collilionlls. One
infers that tnermal broadening is the dominating mechanism
for the Lroadening of the vibronic levels. Environmental
perturbations, in particular collisions betveon solvent
and molecules in liquid solutions, provide the means for
the transfer of the excited vibrational energy to the
surroundings.

For a system of absorbing centers, either in the gas
phase or in the liquid phase with some inert solvent, if
the absorption and emission profiles of each individual
absorbing center are idontical, the system is said to be
homogeneously broadene?. 1If, on the contrary, the ab-
sorption and emission profiles of some of the absorbing
centers are different, it is inhomogeneously broadened,

A system of molecules in the gas phase is a typical
example of an inhomogeneously broadened system (i.e.
Doppler broadening), while that in a dilute solution is



-2]le

gencrally homogeneously broadenead., However, if the system
of molecules comprises different isomers, the absorption
profile will be inhomogencously broadened. Cyanine dye
molecules have been shown to consist of equilibrium mixe
tures of two or more isomers at room temperature; the
system exhibits strongly overlappina absorpticn bands
which can be resolved only at very low tompotaturols.

A particularly interasting property ll;ocllt.d with
irhcrogeneously broadened system is that an intense mono-
chromatic light of frcquency Vo Can burn a spectral hole
in the absorption curves, similar tc the hole=burning in
gas laser systcm17. Spectral hole-=-burning denotes re-
ducticn of absorption occurs only in the vicinity of
frequency A For homogenscusly broadened molecular
system, spectral hole-burning can occur only on a trane
sient basis due to the finite vibrational relaxation time
of the excited states of the noloculcal.. This property

will be discussed further in Chapter VI,




}

2.

3.

4.
S,

6.
7.
8.
9.
10,
11.

13.

14,

1%,
16.

REFERENCES

Jo G, Calvert and J, N, Pitts, "Photochemistry”,
New Yorks: Wiley, 1966, Chapter 4,

G, W, Robinson and R, P, Frosh, J., Chem, Phys. 38,
1187 (1963),

S, J. Strickler and R, A, Rerg, J. Chem., Phys. 37,
814 (1962).

M, A, Duquay and J. V. Hansen, to be published.,

Jo Go Calvert and J, N, Pitts, "Photochemistry",
New York: Wiley, 1966, 668,

D. Stockman, private communication,

M., Gouterman, J. Chem, Phys. 36, 2845 (1962),

W, Si.brlnd, Je Chem, Phy.. 4 4055 (1966’0

4
W. Siebrand, J. Chem., Phys. 46, 440 (1967).
W, Siebrand, J. Chem, Phys. 47, 2411 (1967),
W. Siebrand and D, F, William, J. Chem, Phys. 49,
1860 (1968). - |
C. W. Robinson, J. Chem, Phys. 47, 1967 (1967).
V. D. Kotsubanov, et.al., Opt. and Spectry. 25,

251 (1968).

. Bs V. Shpol'skii, Usp. Fiz, Nauk., 71, 216 (1960),

D, z..tm' .to.l.' J. Mol, Sp.ctry. ?_9.' 381 (1966).
W, West, 8. Pearce and F, Grum, J. Phys. Chem, 71,
1316 (1967).



-23-

17, W, V, Smith and P, P, Sorokin, "The Laser", New York:
McGraw-Hill, 1966, 48, |

18, M, Hercher, D, Stockman and %, Chu, IEEE, J. Quantum
Electronics, QE-4, 954 (1968),




CHAPTER III

GENERAL SPECTROSCOPY OF THE THREE MOLECULES:
CRYPTOCYANINE, METAL-FREE PHTHALOCYANINE, AND
CHLOROALUMINUM PETHALOCYANINE

III=-1 Introduction

In this chapter, we shall discuss the general spec-
troscopy of cryptocyanine (1,1' diethyl-4,4'=-mononethin=-
equinocyanine iodide), metal=free phthalocyanine, and
chloroaluminum phthalocyanine (hereafter referred to as
cc, Hch. and CAPC respectively), in considerable detail,
Experimental determinations of the various parameters

associated with these three molecules are also given,

I11-2 Molecu}ar Structures and Energy Levels

The molecular structures of these three molecules
are shown in figure III-]l, Earliest calculations of the
energy levels of these molecules had been done by xuhn1
alsuniné a free-electron model for the r-electrons, cir-
culating in the ring system of the phthalocyanine mole-

cules or in the long chain system of the cyanine molecules.

«24=




w28=

Figure III-l, Molecular structure for (a) li,PC,
(L) CAPC, and (c) CC,






Figure III-2, Absorption and fluorescence spectra

of (a) uzpc in l-chloronaphthalene, (b) CAPC in

pyridine, and (c) CC in methanol., Solid lines are

for absorption, broken lines are for emission,

The vortical'scales are relative,
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Qualitative agreements with the absorption spectrum of
these molecules can be obtained from this simple theory.
Recently Chen2 did a detailed molecular orbitals calcula-
tion of the pihthalocyanine, showing good agreement for the

oscillator strength and the locations of the transitions.

III=-3 Absorgtion and Fluorecscence, Determination of

Quantum Yield of Fluorescence for I PC

The first electronic aksorption and fluorescence
spectra of these molecules are sl.cwn in fioure I1I-2,
Mirror images of the absorpticn prcfile are generally ob-
served for the fluorescence spectrum, indicating that the
ground and the first excited state Franck-Condon curves
are similar, The splitting in the metal=-frce phthalo-
cyanine absorption curves is due to the lifting of the
degeneracy by the lower symmetry cof the moclcular struc-
ture (two-fold symmetry for the metal-free versus four-
fold syrmetry for the metal phthalocyaninez). The Stokes
shifts of the fluorescence peaks are approximately 50 g
for both phthalocyanine, whereas cryptocyanine exhibits
a large Stokes shift of 200 X. folvent effects cn the
locations of the absorption peak have been measured for
CAPC, For the four solvents used, viz, l-chloronaphthalene.
quinoline, pyridine, and ethyl alcchol, the absorption
peaks occur at 6940 £, 6870 &, 6800 &, and 6750 R
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Figure III-3, Experirental setup for fluorescence

measurements,
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reupectively.,

The alscrption profile ot.tho phthalocyanine mole=
cules has been shown to be homogeneously boradonod’.
Uniform recduction of absorption across the abscrption
curve occurs during the passeqe of a high power Q-switched
ruby laser pulse, Cryptocyanine behaves differently when
pumpred by a Qe-switchied ruby laser: sigqnificant reduction
in absorption occurs only in the rizmediate vicinity of
the ruby laner line (of order 10 R? as observed by Sooy‘.
The mechanism responsible for the inhomogeniety of the
absorption curves for cryptocyanine is still not clear,
and will be discussed further in the next chapter in re-
lation to tho saturation of the moleculos,

Measurcment of the quantum yield of fluorescenco for
uzrc in l=chloronapiithalene vas done using CAIC in pyridine
an a standard. A schomatic of the instrument is shown
in figure I11-3, An ENL model 1S=32 lio=Ne gas lesor was
usod to excite the molecules at 6328 R, The sr.itions
were contained in standard 1.0-cm=square cells. Tho dye
concentrations of the solutions were kept at sufficiently
lov levels to insure that the optical densities of the
solutions were no more than 0,05 so that Beer's law was
obeyed and true solutions obtained, Plucrescence light
was gathered through a B & L 33-86-25 grating monochroe
mator and dotected by an IT & T P4034 photomultiplier

with an §=-20 surface.



30-

The ratio of quantum yicld of fluorcscence of HaPC
to CAPC was found to be approximately 0.6 after integrating
the two onission curves, Toking the value of 0£1. for
CAPC to be 0,7,% we have ¢,, & 0.4 for H,FC,

The value of °£1. for crypotocyanine in methanol was
estimated to be approximately 0,01, whereas in viscous
glycerol, 0,1. was mcasured to be a factor of 10 lnrqor.‘
The solvcent dependence of 0!1. suggests either strong non-
radiative decay or photcchemical 1conerizntion‘ through

the excited singlet state ¢f the cryptocyanine molecules,

111=4 Determination of the Lifetimes for the Pirst
Execited Singlot

The radiative lifetime for CC in methanol, H,Pe in
l=chloronarhthalene, and CAPC in pyridine calculated from
the absorption curves using cquation (11-7) were found to
be 8 x 107, 7.6 x 1077

Measurements on the fluorescence lifetimes T3 for

, and 14,7 x 10”9 gec respectively.

the three dyes were done using a mode-locked ruby laser
output as exciting source. The oxperimental setup is
simiiar to that shown in figure IIl«3, A water cooled,
3 inches long ruby rod with antie-reflection coatings st
both ends was pumped with a linear flash lamp in an
elliptical cavity. The optical axis of the crystal was
~60° to the rod axis. The laser cavity lengths were
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*igure III-4, Photographs for mode=locked laser ocute
put and fluorcscence dccay., (a) Scope photograph showe
ing 1node-locled ruby laser output, (b) Pabry-Perot
interfcregram rhowing rcde=lccked spectrum, (¢' Scope
photograph showving flucrcscence decay for CAPC in
pyridine excited with rode-locked laser output,



| (= IOnsec

(o)

«=f |==|Ongec

(¢)



32-

varied from 1,2 to 1,5 m with a 55% ioflcctlvtty dielectric
mirrer at the front end, and a 99% reflective dielectric
mirrcr at the back end, The separation from the end
mirrer to the rulLy rod was kept longer than S0 cm to en-
sure qgqood locking of the modes’. Cryptocyanine dissolved
in a mixture of methanol and ethyl alcohol was found to
give stable mode-locked outputs, A typical oscilloscope
trace of the mode=locked laser output is shown in figure
111-4, together with the photograph for the output spectrum
taken with a 9 mm quartz Fabry-rerot etalon., The rela-
tively small number of modes being locked together suggests
that the parallel end faces of the ruby rod act as a
resonant reflector in discriminating against off resonant
modes, The iniividual pulse-width estimated from the
Fabry-Perot spectrum is of the order t ~ 1/4v ~ 10'9|oc.

It is to be noted that the ringing behavior associated
with each pulse was duc to the residual impedence mis-
matching in the detecting system, The total energy output
in an envelope ¢f pulses was 0,1 joule, giving an average
of 10 MW peak power per pulse in the train,

The dye soluticns were contained in a standard
1.0-cm=square cell., Pluorescence ocutputs were detected
with an IT ¢ T plano-photodiode and displayed on a
Tektronix 519 travelling wave oscilloscope. RG-10 filters
were used to eliminate scattered laser light. The over-
all risetime of the detecting system was less than two
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nsec, Figure III=-4 (c) shows a typical fluorescence out-

put for CAPC in pyridine, the lifetime was measured to be

(10,0 £ 0.6) x 10”7 sec. Cryptocyanine in methanol showed

a fluorescence lifetime less than the detector response

time, i,0, <2 x 10" sec. H.PC in lechloronaphthalene

2
showved a lifetime comparable to the detector response
time; the exact magnitude could nct be determined due to
the ringing in the detecting system, ‘

The measured value of T, for CAPC agreed well with
the measurement done by Mack,. and also agreed with the
value deduced from equation (II-9), Cryptocyanine in
methanol exhibits a lifetime of 2.2 x 10”11 sec as measured
by Dugnay and liansen with the ultrafast light gate tech-

niquo’. Using the value of 2,2 x 10711 gec for 1. , one

3
obtains from (II-9) a value for ¢, " 0,005, agreeing

with the estimate of 8002‘. The lifetime of uzpc is
estimated from (IXI=9) to be ~3 x 10”9 gec; this value will
be compared with later results on the saturation of the

nzrc molecules.

1115 Determination of the Intersystem c:oooinq Tinmes
302 and the Triglot Relaxation Times 121

Triplete=state lifetimes of uch and CAPC in air-

equilibrated solutions have been shown to be relatively

7

long; an order of S x 10 ' to 106 sec has heen obtained

"

T W STe



-34-

8 S

by Kosonocky and Harrison, and Stockman™, using the laser
flash photolysis technique. Tror degassed solutions, the
lifetime increases to 210"scc, indicating the quenching
action of dissolved oxygen molecules on the population

of the triplet states, Intersyatem crossing rates in
thene molecules deduced frorm (1I-8), assuming slow none

9

radiative relaxation processes, are 33.4 x 10 -, and

-9
S x 10 scc for CANC and HZPC respectively., The value

T, " 33,4 x 10.9 scc for CAPC agrees with the recent
measurement by Stocknans. The apparently fast crossing
rate for HZPC is qucstionable since the tvo molecules
(CAPC and uZPC) have similar molecular structures, Two
measurements were performed to estimate the value of t32
for the two phthalocyanine molecules. The results have
great bearing on deciding the mechanism responsible for
the saturation of these molecules by high intensity light
pulses, viz, energy saturation or power saturation.

The technique used to measure t3, is based on the
assumption of a three-level scheme for the moelcules,
The rate equations describing the population changes of
Rye Nao and L) which are the normalized populations of
the ground, triplet and first excited singlet state re-
spectively, can be vritten as

an/dt - -IoIJn 4+ lt:'/t'.,1 (111=-1)

1
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dnzldt = “3/ (111-2)

32

dns/dt - Ionn1 - na/‘t3 (111-3)

here we have let t,, = o, which is true for phthalocyanine

21
molecules under the time scale of 1nterott(<10'7 sec) .
Stimulated emission terms are neglected due to the fast
relaxation from the excited vibronic level to the seroth
vibronic level. The solutions to these coupled differ-
ential equations can be solved exactly assuming a step

input irradiance, giving,

-1 M At
nl(t) - (11 = A, ((l1 + 1/13)0 '(lz* 1/13)0 )
(222=4)
llt lzt
n,(t) = -(10}3/(&1 - 12)1 (e -e ¢) (211~5)
nz(t) =] nl(t) - nz(t) (1X1=6)

/ 2
Al - (1/2)[-(!013+ 1/13)- (1013+1/13) -‘1013/t321

(X11=-7)

Az - (1/2)(-(10130 1/13)4 ¢4;013+ 1/13)2-41013/132]




Figure III-S, Transient development of nye Ny and

n, for a high intentity input pulse. It is assumed

t:at the exciting radiation field is a rectangular
pulse of duration 30 nsec, The curves labeled n, and
n, show the buildup and decline of the triplet and
the first excited singlet respectively, with a time
constant 132'1 e 3 x 107 sec”! during the presence of
the exciting pulse. The broken line shows the trans-
ient development of the ground state n,. The figure

is intended to be illustrative only.

A )
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For I > 1/(13013), we have xl - -1013' kz - -1/132, and
the solutions simplify to
-Jo,. .t -(1/x..)¢t
n3(t) = ¢ 137 e 32 (II1I-8)
-(1/132)t :
nz(t) =] e-c (III=9)

. The first exponential for n, described the rapid buildup

3
of the ny state population, while the second exponential

described the crossing rate into the triplet state, For

a rectangular input pulse, the relative time development
of the three levels are shown in figure III=5, One infers
from this figure that exciting the molecules with high
intensity light pulses, the value of T32 and Ty, can be
deduced by measuring the decay rate of ny and the buildup
for n2 during the transient region,

T™wo measurements were carried out to investigate

the time development of n., and n, separately under ex-

3
citation by a high power Q-switched pulse, Fluorescences

output from these molccuiea give a direct measure of the

population of n Phthalocyanine molecules exhibit strong

3.
triplet-triplet absorption near 4850 R with a peak ex~

tinction coefficient of the order of 4 x 10‘ lit-ers/mole~

5,10
em, ' The strong triplet-triplet absorptions were used
to monitor the buildup of the triplet state,

The experimental setup for the fluorescence output



-3.-

Figure III-6, Output from Q-switched ruby laser and

fluorescence output from H_PC, (a) Q=switched ruby

2

laser output pulse. (b) Fluoresccnce output for H PC

2
in l-chloronaphthalene exciting with pulse as shown

in (a), (Both drawings are traced from scope photo-

graphs),
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Figure III-7, Experimental setup for triplet=triplet

absorption measurements,
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measurements is similar to those shown in figure III-3,
The Q-switched ruby laser used was the same as described

11 and a Brewster

before except that a resonant reflector
angle roof prism were used as front and back reflectors.
The laser was Q-switched using a crypteccyanine saturable
filter; the peak power was approximately 20 MW with a
spectral bandwidth of no greater than 200 MHZ, The Q-
switched pulse duration was varied from lo'to 30 nsec.,
Solutions were contained in a standard l.0-cm cell with
dye concentrations kept below 10-5 molar. Fluorescence
outputs were detected at right angles to the laser beam
with an IT & T planophotodiode. Outputs were displayed
on a Tcktronix 454 sceope with a 3 nsec risetime, RG-10
filters were used to 2liminate scattered laser light,
Figure IXI-6 shows a typical fluorescence output for HZPC
in l-chloronaphthalene, showing a long decay in the sat-
uration region., Similar results were obtained_for CAPC
in pyridine with a slightly longer decay time. The inter-
system crossing times deducéd from these data were
(25 ¢ 3) x 107 and (28 ¢ 3) x 10> sec. for HPC in 1-
chloronaphthalene and CAPC in pyridine respectively.

The experimental setup for the triplet-triplet ab-
sorption measurements is shown in figure IIXI-7, A xé€non
flash.lamp powered by a Trion laser power supply was used

as the probe light for the absorptions from the triplet

states. Blue and green filters were used to cut off red
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Figurc III-8, Scope photographes showing transient
development of the triplet-triplet absorption,

(a) Xcnon flash lamp ocutput, Horizental scale:

10 psue/div, (b) Ruby laser output, Horizontal
scale: 100 nsec/div, (c) Transient development of
the triplet-triplet absorption for I!.PC in l=chloro=

2
naphthalene, Horizontal scale: 50 nsec/div,



(a)

(b)

(c)



and UV emissions from the xenon flash lamp. The Q-switched
ruby laser was the one described before with the output
beam intersecting the probe light at a right angle inside
the 1,0 cm solutions cell., The transmitted probe light
was detected by the IT & T F4034 photomultiplier, through
a B & L monochromator with a bandpass of 20 R, set at
4850 R. The flash lamp output duration was 20 usec, and
and electronic time-delay triggering systemlwas used to
synchronize the Q=switched output with the flash lamp
output. The signals were displayed on the Tektronix 454

| scope which was triggered by the Q=-switeche pulses, Dye
concentrations of --105 molar were used to give a maximum
signal-to-noise ratio in the photomultiplier output,

Figure III-8 shows the time development of the trip-

! let-triplet absorption for CAPC in pyridine. Values of
T3, deduced from these data agree with the results ob-

{ tained from the fluorescence output measurements for both

H,PC and CAPC, The long decay of the triplet-triplet

2
absorptions (-5 x 10-7 sc¢c), agree with the measurement
of T by Hercher et al.ﬁ using different equipment,
Cryptocyanine in methanol are different from the
phthalocyanine molecules in that most of the ground state
population returns within 3 x J.O-9 sec after being ire-
radiated with a high intensity Q-switched ruby lasér
pulse4. This suggests that cryptocyanine in methanol

either have fast decay rates for T2 and Ta2 (less than
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3 x 10-9sec), or slow decay rates Lgéeater than the Q-

switched pulse duration, >> 30 nsec), Evolution of the
fluorescence for the cryptocyanine in methanol when ex=
cited with a Q-switched ruby laser pulse show that the

fluorescence follows the Q=-switched pulse to within the
detecting system resolution time. This result rules out
the possibility of a long=lived triplet state associated

[
with cryptocyanine in methancl.

III-6 Summary

Table I ccntains all the known parameters associated
with the three dyes being investigated; these values will
be used in the next chapter tohstudy the saturation
mechanisms of these £hree molecules. The accuracy in the
determination of 13, for the phthalocyanine molecules is
only of order of magnitude due to the following two
assumptions; (1) a rectangqular incident pulse is used
instead of an actual near-Gaussian Q-switched pulse, and
(2), stimulated emission is not taken into account, By
inspection of equation (III-7), as the intensity I is
greater than 913730 the population ny and nz vill be rela-
tively insensitive to cmall variation in I3 thus no major
error will be introduced by the first assumption. The
gsecond assumption concerns the stimulated emission from

the excited state., Since the excited level is one of the
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excited subvibronic levels which decays rapidly to the
seroth vibronic level, stimulated emission should not be
significant.

Using equation (II-8), taking T3, T3ys T3 Fespec-

9 gec for

tively as 3 x 1072, 25 x 1077, and 7.6 x 10”
HZPC in l-chloronaphthalene, one deduces a non-radiative
‘lifotime of 7 x 10'9 sec. The fact that non-radiative
decay does play a role in HZPC is not surprising when one
considers the results obtained by Ealtwood,12 in which
¢£1. was found to be ten times greater than at 300° C
(liquid), and one hundred times greater than at 350° C

(vapor) .

1
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CHAPTER IV

SATURATION CHARACTERISTICS OF DYE MOLECULES

IV=1 Introduction

In this chapter we study the saturation of molecular
absorption under hich intensity light pulses, Three
different mechanisms leading to the saturation of absorp-
tion will be investiqgated thcoretically, Experimental
results obtained from the three dye molecules; CC, HZPC,
and CAPC will be compared with the theoretical expressions,
Experimental measurements of the excited-state absorption

will be analyzed to determine the causc of residual losses,

IV=2 Theoretical Treatment of thec Interaction

Consider the rclecules being irradiated with a mono=
chromatic light pulse of duration f.om 10 to 30 nsec,
The response of these molecules can be described by a
set of differential equations giving the rates of change
of each level involved in the interaction. Using the
modified Jablonski diagram for the energy scheme of all

the molecules as in figure 1I-2, we have

-47=-




s et e 1

dnl/dt = -I(t)013,(nl- Ny o+ n2/121+ n3/131+ ns/'r51

dnz/dt = n3/1'32 - n2/12 - I(t)024n2 + n4/1

1 42

dn3,/dt = I(t)o1 ,(ny = n_,) - n3./'rv

3 1 3!

(IV=-1)

dn,/dt = n3,/'rv - n3/1 - I(t)o3 n, + Re/Tgq

3 5

dn4/dt = I(t)chn2 - n4/'r4

n_/t

dns/dt = I(t)o35n3 - n./1,

where n, are the normalized populations of each ith level.
We have assumed that the dye sample is optically thin,
and that the time variation in intensity is negligible
during the transit time for light through the dye sample.
This is equivalent to the approximation that each molecule
experiences the same intensity at a given instant of time,
This assumption is approximately true for a dilute system,
The use of rate equations for the description of the
interaction of light with molecules is valid only under
specific conditions., Tangl has shown that the semi-
classical approach with a density matrix formalism for a
two=level system reduces to simple rate equations if
T, > Tz, where T, is the relaxation time for the excited

1 1
level, and T, is th: transverse relaxation for the excited
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levelz, which is inversely proportional to the halfwidth
of the homogéneous absorption profile., In liquids, dye

molecules experience high collision rates with the solvent

molecrles at room temperature,giving Tz ~ (collision z'at:e)"1

~10°12 sec, The excited state lifetime for large organic

molecules is of the order of 10~

of Tz/Tl ~ 10'3. Thus the application of rate equations

sec, thus giving a ratio

to a two~level model is justified in this éase, general-
izing to a system of multi~levels is also reasonable
valid.

Due to the vibronic overlapping for higher excited

states, the relaxations 1, and Ty are of the same order

4
as T, which is extremely fast. The above equatiens can
therefore be simplified to give only three equations de-
scribing the three levels which are of major importance
in the interaction,

=I(t)o +n

dnl/dt

137 * ny/Tyy /Ty,

dn3/dt

I(t)o (IV=2)

137~ Ny/T

dnz/dt =n_/t

3732 = BTy

Generally, three different tyres of saturation regime
can be applied to all molecules with different rate con=-

stants, The classification of the three regimes is

[ THST | m—— g W



e



-5 o-

(1) steady state saturation; excited mulecules having re-
laxation times faster than the duration of a normal Q-
switch pulse fall into this category. (2) Energy satura«-
tion; excited molecules with a fast decay to a long-lived
metastable state (the triplet state in our case) which
will accommodate all the excited electrons into that level
with a complete depletion of ground state population.

(3) Transient saturation; excited moleculeslwith relaxa~
tion times comparable to the duration of the C~switch

pulse,

(1) Steady state saturaticn

If all the relaxaticn times are short ccmpared to the
temporal structure of the incident light pulse, then at
each instant of time the system will be very nearly in a
steady-state. Thus, for an optically thin sampile, the
population densities can be expressed as functions of the

instantaneocus photeon irradiance:

n, = 1/(1 + I/Is)
n, = 101313/(1 + I/Is) (IV=3)
n. =X (v . /1.0/(1 + I/Is)

30 913" "3

o
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Figure 1V-l, Steady-state saturation, Curves showing
the steady-state transmission of an optically thick
saturable absorber as a function of irradiance (nor=-
malized to the saturation irradiance Is). Excited~

state absorption is included as Isb = 0,143,
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= -1 ’ -
Where Is .[01313(1 + 121/132)] is the saturation ir

radiance; it is the photon irradiance for which the steady

state absorption coefficient is reduced by a factor of
3

two over the smalle=signal) ubsorption coefficient”,
The transmission characteristics of an optically
thick sample can be derived starting with

dl/dx = = Iao(n1 + Yyn_ + Bn3) (IV=4)

2
where y = 024/013, and B = 035/013. The excited singlet
and the triplet absorptions are taken into account by
assuming that the higher excited levels are not appreciably
populated, Substituting the steady-state values of ny

and integrating, we obtain finally

1/(I b)=1
8 (IV=5)

T = [(1+bIT/ (L + b))

-a_ X
(4]
Where T = e o T ® Itrgnsmitted/Iincident » &nd

b = 013738[1 + (Y/B)(121/r32)]. Figure IV=1 shows the
steady-state transmission characteristics, It is to be
noted that the excited-state absorption contribution to

the residual lossbgives a large signal transmission of
I
s
TI + large - To
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(2)'Energ¥>saturation

The metastable state involved in this case is the
long=-lived triplet level., With all other relaxations
fast compared with the Q=switched pulse duration, we have

for the three-level system 1/1'21 + 0, and (IV=2) becomes:
dnl/dt = =I0,,0; + 1/131
dnz/dt = n3/132 . (IV=6)

-n/t

dn3/dt - Iol3n1 3/ T3

For a fast Ty Ny will also be small, one can writce

nl + n, v 1l, Solving (IV=6) for this case, we have

n Substituting into (IV=6), we have

n .
3V 19370

dnl/dt = =J0._ (1l = 13/131)n1

13
(IV=7)
= 10)3(1 = ¢4 )1y
. t «E/E
Integrating, for E = LdtI(t), we have nl = e S, where

have nz v ] o- nl. So that the change of the ground state

population depends on the integrated energy input (or

- -1 =
E = [0;3(1 ¢£1.)] , and ¢f1. 13/132. Similarly we

number of photons/cmz)

The transmission characteristics of an optically




thick sample can be derived by separ&ting the contribu=

tions into three parts: (a) Ground state absorption: The

number of rhotons absorbed is proportional to the number

of molecules cxcited into the triplet,

4E/dx = = N_[n) (0) = n) (B)1/(1 = ¢, )

(IV=8)
-E/E8 :
= -.No(l -e )/ (1 = ¢f1.)
(b) Triplet state absorption: We have
dl/dx = - o n_N IV=9
/dx 13Y L ( )

The time dependence oi_nz,is,neglected, i.e., we assume

n, to be a slowly varying function of time, which is

2
true for Ty long and 132.short. Integratine equation

(IV-9), we have

-E/Es
dE/dx = -013YNOE(1 - e ) (IV=10)

(c) Einglet exclited state absorption

Due to the short lifetime of n, state, it will not
be appreciakly populsted even for high incident intensity.
The n, state in this treatment acts as an intermediate
level from which excited molecules are continuously trans-

ferred to the triplet state and has little contribution




to the excited state absorption even when we allow for a

large absorption cross~-sectiocn,

Combining the various contributions, we have

~E/Es «E/E
dE/dx = No(l - e Y/ (1 = ¢fl.) -Yol3NoE(1 - e

or

=E/E
-No dx = dr/[(1 = e )(Es + E)]

-N0013x

with To = e , We have

Eout/ES

InT_ = ay/(1 = e ) (L + yy)  (IV=-11)

Ein/Es

The above expression cannot be integrated analytically
and numerical solutions are required, However, extreme

behaviors can be obtained for small and large value of E,
(i) E/Es << 1, then YE << 1
Yout

In T = ay/(1 - e

Yin

—3



Figure IV=-2, Energy saturation., Curves showing
encrg:’ transmission Tp as a flunction of the integrated
incident enerqy E (normalized to the saturation energy
Es). Excited-state absorption cross-section is one-

fifth that of the saturable transition, vy = 0,2,
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1 - oTE/E,

o :
l - QE/Es

T (IV=12)

Which is the same as in the case of no excited-state ab-

sorption,

(ii) E/Es >> 1, we have 1 = e”Y » 1, then

b 4
out
a
B, = J o

-Yin
(IV=13)

« 1 *+ TE/Eg

T me——

° 14 yE/E'

Where, as E + »,'T » TZ. Numerical solutions for equa-
tion (IV~1lR) are shown in figure IV=2 for the case of

y= 0,2,

(3) Transient saturation

In this case, the molecules relax in a time of the
same order as the duration of the Q-awitch pulse, Exact

solution for the three rate cquations for constant I are

(A, +1/1,) (A 41/, ,) +x1t (A, 41/1.) (A +1/7. ) Aot
T
-1
. (r,,74)

1A2
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Io(k1+1/121) +A1t Io(A2+1/121) Azt e
n3- e - e [ e\ A
A;‘Al - Az) Xz(kl - Az) 121A1A2
B-l
where Al 3 {(Xo + 1/13 + 1/121)
g . 2
+ /[(Io + 1/1’3 - ;/121) - 410/13211
A, = = X ((T0+ 1/1. + 1/1..)
2 2 3 21
- V{(Io + /14 = 1/1.)°% = 4T0/7..]
15 T5y o/1t,,
and
A A = [) + IoT (1 + zal)/(T T ) (IVe=14)
12 - 3 'f32 21 3

In treating the transmission properties of a'sample of
molecules for time varying I(t), computer solutions were

needed to describe the interaction,

IV=3 Exgcrimentml Apparatus

A single mode Q=-switched ruby laser was used to
measure the transmissions of the dye molecules, The ruby
rod was 3 inches long with anti~reflectivity coatings at
both ends, pumped with a linear flash lamp in an ellip-

tical cavity. Both the flash lamp and the ruby rod were



-

Figure IV=3,

measurement.

Experimental setup for transmission
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water cooled to 20°C, A 65% rtflectivity resonant re-
flector was used as output mirror, while a Brewster angle
roof prism was used at the back end instead of 99% re-
flectivity dielectric mirror to avoid the frequent damage
caused by the high flux density in the cavity. The laser
was Q-switched by either CAPC in pyridine or cryptocyanine
in methanol depending on the power level required, Ine-
sertion of an aperture of diameter from 1 ﬁﬁ to 3 mm gave
stablc output pulses, reproducible tc 10% with pulse
duration in the range 10 to 30 nsec. Power outputs were
between 10 and 20 Mw/cm2 depending on the size of the
aperture used. For high power measurements, the pulse
outputs were focused down to a small cross-scctional area
with a maximum obtainable irradiance of 200 MW/cmz.

The setup for the transmission measurements is shown
in figure IV=3, The outputs from the Qeswitched laser
were used to irradiate the dye sample cell after being
attenuated by the calibrated filters made from solutions
of Cuso,. The transmitted outputs were detected with an
IT & T plano-photodiode, and displayed on a Tektronix
519 scope with an overall rise time less than 2 nsec,
Part of the output from the laser was detected by an RCA
925 photodinde, whose output was used to externally
trigger the scope, and which served as a time reference
in the detecting system., Transmission data ere obtained

by comparing the transmitted outputs for the cell




Figure IV-4, Satruation of absorption for CC, Ex-
perimental data of peak intensity transmission T
versus incident peak intensity I for CC in methanol,
Theoretical curves from eguation (IV=5) with Is = 2,2

Mw/cmz, and I'b = 0,143 are drawn for comparison,
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containing the dye molecules to the same cell containing
the solvent alone, Different incident levels could be
obtained by adjustment of the number of filters in the
train. The dye solution weas contained in a commercial
Kodak Q-switch cell with AR=coated windows, and thickness
1,6 mm, Dye solution was prepared by dissolving the dyes
in power form into different solvents, Specially puri-

fied solvents were not used,
IV=4 Saturation g£ the Crzgtoczanine Molecules

(1) Saturation of absorption

Cryptccyanine, with its short relaxation times as
discussed in the last chapter, falls within the steady-
state saturation category. -Experimental results for peak
intensity transmission versus peak intensity for crypto-
cyanine in methanol is shown in figure IV=4, together
with the theoretical curves from equation (1IV=5) for
Ib=1/7 and I = 2.2 My/em?, giving
T30)3(1 ¢ T5;/75,) = 1.3 x 1025 cn?-sec.
(2) Ssaturation of fluorescence

Mecasurements on the peak fluorescence outputs versus
peak input intensity were also done for cryptocyanine in
methanol with the same Q-switched laser output. The.

fluorescence outputs were observed at right angles to the
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Figure IV=-5, Saturation of flﬁorescence for CC,
Experimental data on CC in methanol showing peak
fluorescence intensity vereus incident peak intensity.,
The vertical scale is relative, Theoretical curve for
the steady-state value of niy (equation IV-3) is drawn
for comparison, The best fitted curve is with

Ig = 2,6 HW/cmz.




laser kteam through a B & L monochromator with 20 £ vana-
pass by an IT & T F=4034 photomultiplier, The monochro=-
mator was set at 7300 & which is at tha peak of the
fluorescence curve for cryptocyanine, Solutions were
contained in a 2 mm diameter, 2 cm length glass tube with

5

concentrations kept below 10 ° mclar to avoid large varia-

tions of pulse intensity acrcss the cell length due to
residual losses, l

Figure IV-5 shows the results of such a measurement,
which is compared with the theoretical curve from equa-
tion (IV-3) describing the steady state behavior of n,
population, Since only relative fluoresence outputs were
measured, an arbitrary scaling is used for the magnitude
of fluorescence output. One deduces from these data that

25

- 2
3(1 + 121/132) = 1,1 x 10 cm“=sec., which nicely

3%
confirms the figure deduced from transmission measurements.

(3) Evaluation of the various parameters

The results on the saturation of absorption and
fluorescence for cryptocyanine agree to within an error
of 20%., Due to the large scattering of data points, this
is satisfactory. The results obtained for I, agree in
general with similar measurements done by Giuliano and
Hess‘, and Cires, to within a factor of 2, .
Taking the value of o = 5 x 10™1% cm? deduced from

the absorption curve, assuming that cryptocyanine is
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homogeneously broadened, and 1, = 2,2 x 10'11 sec, we

3
have 1 + 121/732 % 1, implying T45 > Ty« We thus see
that the saturation of cryptocyanine can also be described
by a simple two-level model, as the contribution to the
saturation from the triplet state is relatively :small,
Excited ‘state absorption deduced from the above analysis
gives B = 0,14, an excited singlet-singlet absorption
cross-section of ~7 x 10717 cm2 at 6943 R, '

The experimental results on the saturation of crypto-
cyanine molecules agrce with a steady-state model. The
triplet state of cryptocyanine is fcund to have little
effect on the saturation of absorption and residual
losses, and is apparently only slightly populated.

The absorption band of cryptocyanine is inhomogen-
eously broadened., The width of the spectral hole being
burnt into the absorption band by a Q-switched ruky laser
output was found to be € 20 K by Sooy and Spaeths, in-
dicating that only a small fraction of the molecules
absorbs light at 6943 X. Since room temperature solutions
of the cyanine dyes have been shown7 to consist of equi-
librium mixtures of two or more isomers with strongly
overlapping absorption bands that can be resolved only at
very low temperature, spectral hole=burning may occur by
saturating one or a few of the isomers in the solutions.

Detailed information concerning the isomer states of

cryptocyanine are still unknown at present. However, a

Lo |



Figure 1IV=€, Caturation of absorption for Hch with
different laser pulse width, Experimental data on

H,PC in l=-chloronaphthalene showing peak intensity

2
transmissicn T versus incident peak intensity I for
pulse width, 10, 20 and 30 nsec. Theoretical curve
from equation’ (IV=5) with I'b = 0,13, I. = 0,12 I-IW/cm2

ic drawn for comparison,
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steady-state model docs give a good éeacription for the
saturation of cryptocyanine with Q-switched ruby laser

pulses,

I1V=5 Saturation 25 2222

(1) saturation of atsorption

H,PC vith its lonqg triplet lifetime can be classie-

2
fied into eituer the cnergy-saturation or transient-
saturation cateqgory. An experiment was carried out to
investigate saturaticn of the molecular absorption under
different duration of the laser pulses. A Q-=switched

cell of H,PC in l=chloronaphthalene with small signal

2
transmissicn of 0.1 at 6943 & was irradiated with Q-
swvitched ruby laser rulses of duration (FWiM) 10, 20 and
30 nsec. The results arc shown in figure IV-6, Since
peak intensity transmission of the molecules show a simi-
lar characteristic dependence on the input intensity
irrespective of the input pulse duration, one can con-
clude immediately that H,PC is not energy saturated, A
theoretical curve from equation (IV-=5) for steady state
saturatioca with I.b = 0,13 is drawn for comparison. It
is interesting to note that even though HZPC has a very
long triplet-state lifetime; one can still desccibe the
saturation under steady state basis,

To see why steady state approximation can be applied
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Figure IV-7, Saturation of absorptioi.. for H_PC,

2

Experimental data on H_PC in l=chloronaphthalene

shoving peak 1ntensity2transmission T versus incident
pecak intensity I for three samples with different
initial transmissions, The lacer pulse duration was
10 nsec, Theoretical curves from equation (IVe5) with

1

B=0.13, I_= (075)7" = 0,12 Mi/cm? are drawn for

comparison,
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to H_PC molecules, we refer to equaticn (III-7) describ-

e
ing the time developments of each level under a constant
l .-

A
are associated with ecach level, and for Ty3a > V30 Ve have

irradiance 1. Two characteristic time constants, A;

Ay % =(10 + 1/15), A v = 1/Ty,(1 + 1/Toty) "L, Taking the
case for H,PC with 13 ~ 3 x 107° sec, 1,, ~ 25 x 1077 sec,
then, I/A1 $ 3 x :l‘O.9 sec, 1/12 € 25 x 10'9 sec will also
hold. For an incident pulse duration from'lo to 20 nsec,
populations n, and n, vill reach quasi-steady-state values
in time 1/11 < 3 x 10'9 sec, which is short compared to
the input pulse duration. The relatively long time con-
stant Az describes the rate at which population of n, is
converted into the triplet level nye and will have neg-
ligible effect on the saturation of the ground state ab-
sorption. The Quasi-steady-state populations ny and na»
assuming T35 to be long, will have identical expressions
as stendy=-state case, equaticn (IVe=3l), except that the
s~rturation irradiance will now be given by I, = (013)-1.
Experimental results fcr peak intensity transmission

versus peak intensity for H_PC in lechloronaphthalene

with tliree different small-:ignal transmissions are sho'n
in figure IV=7, together with the theoretical curves

from equation (IV-5) with 8§ = 0,13 for comparison. One
ob:ains 1, = 1(ot,) = 0,12 Mu/en’ = 4.2 x 10** photons/
cm -sec.



Figure IV-8, Saturation of fluorescence for N, PC,

2

Experimental data on H_PC in l=chloronaphthalene

showing peak fluorelceice intensity versus incident
peak intensity, The vertical scale is rc¢  ative,
Theoreéical curve for the steady-state value of n,
(equation (IV=3) is drawn for comparison, The best

fitted curve is with I' = 0,15 HW/emz.
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(2) Saturation of fluorescence

Measurenaents on the peak fluorescence output versus
peak input intensity were done for HZPC in l=chloronapiitha-
lene. The fluorescencc vas observed at 7100 & which is
near the peak of the fluorescence band, Figure IV-8 shows
the experimental results together with a theoretical

curve from eguation (IV-3), One deduces from these data

3

2 0
that I_ = 0.15 M¥/em’ = 5.1 x 10° photons/cn’=sec.

(3) Evaluation of the various parameters
The values of saturation irradiance Is deduced from
the above absorption and fluorescence measurements agree

to within an error of 20%. Taking 13 = 3 x 1l.0-9 sec,

=16
Is = 4,5 x 1023 photons/cmz-sec, wve have 0 = 7,3 x 10 1

cmz. The ground state absorption cross=-section for H,PC

has been measured and different values ohtained; Kuhn8

2 5 16

estimated 4.3 x 10'16 cm®, Gire® used a value of 2 x 10"

cmz, Kosonocky9 measured the absorption cross=section to

be 5 x 10'16 cmz. The larger value is more accurate,

10

as pointed out by hKarrison® , due to undissolved colloidal

particles susprended in the solution,
pased on a model with two absorptive transitions,

the residual loss of B = 0,13 for H_PC will give an ex-

2
cited state absorption cross-section at 6943 R of

0,13 x °ground ~v 9 x 10-17 em?, The triplet-triplet ab-

sorption cross=section at 6943 ] for HZPC was measured by




Figure IV-9., Analog computer results on pulse shaping

for HZPC. The excited-state lifetimes of H2PC are

taken from Table I. The sample is assumed to have
To = 0.1, B = 0.13. A relative delay of the peak of
the transmitted pulse at -.0.5 MW/cm2 is clearly ob-

servable.



INPUT PULSE

TRANSMITTED PULSES
T =5 MW/cm?

T.=0.5 MW/cm?

I = 0.05 MW/cm?
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Figure IV-10., Experimental results on pulze shapiicg
for HZPC. Data obtained from the experimental setup
shown in Fig, IV-3, 1In each casc pulse sh:r-es obicined
with and without the saturable filter arc shown supere
imposed to facilitate comparison, Peak intensity

(a) 10 MW/cmz, (b) 0.8 MW/cmz, (c) 0,2 MW/cmz.

Horizontal scale: 10 nsec/div,



(@) I=1I0MW/cm?

(b) IT=08MW/cm?

(¢) I=20.2 MW/cm?

-
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Stocknanll, to be v ¥,7 x 10'1? cmz, which is of an order
of magnitude too small to account for the residual losses
observed. We attribute the residwal losses to be due to
higher singlet-singlet absorption, and will diséuss this
point further in section 7.

Equation (IV=2) for a three-level system was simu-
lated on an analcg computer with an incident pulse of
Gaussian profile I(t) = e'tz/‘z. Values of different
life times were taken from Table I for H,PC. In treat-
ing'the transmission of the dye molecules, the dye cell
is assumed to0 Le optically thin, such that each molecule
in the beam experiences the same pumping rate at a given
instant of time. The instantaneous transmission is de-
fined as T(t) = e ®(t)Xo, yhere X, 18 the cell length,
and a(t) = aotnl(t) + Bny(t) + yn,(t)] is thc instantan-
eous absorption coefficient. Figure 1V-9 ghows .the pulse
shaping results obtained with Tc = 0.1, 8 = 0,13, A
relative delay of the peak of the transmitted pulse at
~“0.5 HW/cm2 is'clearly observable, Experimental results
confirming this pulse shaping behavior are shown in

figure IV-10 for H_PC in l=-chloronaphthalene with

2
T = 0,15, The distortion of the transmitted pulse

[
arises from initial absorption of the leading edge in
ldturating the molecular transitions, and is common to
all molecules with excited-state lifetimes comparable to

the incident pulse duration. Computer results on the




Figure IV-11, Saturation of absorption for CAPC for
differcnt laser pulse width, Experimental data showing
peak intensity transmission versus incident peak in-
tensity for laser pulses of durations. 10, and 25 nsec.
Solid lines are analog computer results obtained with
the corresponding pulse width, with lifetimes appro=-
priate to CAPC, and 8 = 0,22, Broken line is the
steady~state transmission result with g = 0,22, and

-8
T3 = 10 $ecC,
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peak intensity transmission chatacte;istics for the range
of typical C-switched pulse durations confirm the approx-

imation of steady-state saturation.
Iv-6 Saturation of CAPC

(1) Saturation of absorption

CAPC with an excited singlet-state 1ifetime of 10
nsec should be classified into the transient saturation
category. Measurements on the peal. intensity transmission
versus peak intensity for laser pulses of duration 10
and 25 nsec are shown in figure IVell, Analog computer
rasults, with lifetimes appropriate to CAPC, and a higher
singlet absorption cross-section ratio of B = 0,22 for
peak intensity transmission are drawn for comparison.
The fact that shorter pulse duration requires a higher
intensity-level for initially saturating the absorption
is confirmed by the computer results., To see how the
steady state approximation will deviate from the trans-
ient case, a broken line showing the quasi-steady state

8gec!

transmission for Ig = 10 r T3 = 108 gec is drawn

on the same figure. One sees that as the pulse duration
increases, the peak intensity transmission curve approaches
that of the quasi-steady-state case. This behavior is
congistent with the analytical results obtained by

Selden13 for a two-level absorptive system, .The slight




Figure IV-12, Saturation of abscrption for CAPC,
Experimental data showing peak intensity transmission
versus incident peak intensity feor CAPC in pyridine
for laser pulse width of 10 nsec. Analog computer

results with 8 = 0,22 are also shown for comparison.
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Figure IVe-13, Saturation of fluorcncence fcr CAPC,
Experimental data showing fluoresccnce pedk intensity
versus incident peak intensity for CAPC in pvridine,
Analog computer rcsults for the pecali value of n3(t)

are also shown for comparison,
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decrease in residual loss for longer pulse duration arises
from the depeopulation of the excited singlet state into
tlie triplet level, For the case in which the pulse dura-
tion is mucli shorter than the excited singlet-state life-
tine, the saturation of absorption may be described by
encrgy saturation., The peak intensity level required in
this case for initially saturating the absorption will be,
aczording to equation IV-ll, I ~ 1/Ato, whe}e At will be
approximately the pulse width., Figure IV~-12 shows trans-
nizsion curves for CANC in pyridine wit:h two different
initial transmissions, using laser pulses of 10 nsec
duration. Analog computer results with f = 0,22 are

drawn for comparison., One deduces from this fiqure that

1

Ic = loesec' for I = 0,17 Mw/cmz, giving o & 1,7 x 10"16

2
cin

(2) sSaturation of fluorescence
Measurcments on the peak fluorescence output versus
peak intensity at 7100 R are shovn in figure IV=13, The

laser pulsc duration in this casea was 25 nsec, Analog

computer results for the peak value of n_, with a pulse

3
duration of 25 nsec are shown for comparison. One ob-

tains Io = loesec"1 for I = 0,2 MW/cmz, giving

o= 1,5 x 10" Y6cm?




(3)- Evaluation of the variocus parameters

The ground state absorption cross-sectiocns at 6943 S
deduced from the above two measurements agrec to within
an error of 20%, Conventional measurement of absorption
cross-section at 6943 & with a known concentration of

ls-cmz, in good agreement

molecules gives ¢ v 1.5 x 10~
with the saturation measurements, The excitcd singlet
state absorption cross-section at 6943 ] oﬁtained from
the transmission curves is found to be 0,22 x Sground
v 3.3 X 10"17 cmz. Triplet-triplet absorption has been
neglected due to the small absorption cross=secticn at
6943 £,11

The locations of the peak of the absorption band for
CAPC in different solvents vary considerably, consequently
the absorption cross~section at 6943 R will vary from
solvent to solvent. Experimental findings indicate that
for CAPC in l~chloronaphthalene and quinoline, where the
cross~section at 6943 X are significantly larger than

& cmz, the intensity levels for initially sat-

1.5 x 10"
urating the absorption, and the residual losses are con-
sequently smaller, For CAPC in ethyl alcchol, with

0 < 1.5 x 1026 en? an increase of residual loss and in-

tensity level for saturation are observed,

Transient pulse distortion for CAPC was also observed,

with results similar to those shown in figure IV-1l0,

This pulse distortion behavior is also confirmed by
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computer results,

IV=7 Contribution from Higher I'xcited-cstate Absorotions

to the Saturation of Orgenic Molecules

(1) Residual losses

For all three of the molecules becing considered,
residual losses of crder 0.2 (i.,e, peak transmission
~0,8) were observed at high intensity level, showing that
the absorbers are not completely transparent, Tn pare
ticvlar, an increase in the transmission of CAPC in
l-chloronaphthalene to some maximum value with a subse-
quent decrease at still higher intensity levels has been
observed14. Several possibilities which lead to residual

loss at high intensity will be considered here,

(a) Scattering: Scattering at 6943 ! of the laser
pulse was found to be an order of 10> smaller than that
necessary to account for the residual losses observed,
Stimulated scattering,either Brillouin scattering or
Raman scattering, will show different spectral components
in the scattered light, Measurements on forward and
backward scattering by the dye solutions show no detect-
able different spectral components besides the lasér line,
indicating that stimulated scattering cannot be the cause

for residual losses,



(b) Triplet=-triplet aksorption: For the phthalo-

cyanine molecules, triplet-triplet absorption crosse-

11, and Villar

, With an upper limit of 7 x 10"18 cmz.

sections have been measured by Stocknman
and Lindquist12
Assuming that the triplet state is ccmpletely populated
at an intensity level of 20 MW/cmz, triplet aksorption
can only contribute to a residual loss of order ~0,02,
The fact that intersystem crossing is not éompletc durine
the laser pulse for either CAPC or H2PC is a further in-
dication that residual losses cannot be explained by

triplet-triplet absorption.

(c) Excited singlet aksorption: ILnergy level struc-
tures for phthalocyanine molecules calculated by chenls,
show symmetry-allowed transitions from the first excited
singlet state into higher levels with energy gaps close
to the ruby laser photon enerqy. Evidence for populating
the higher level is the fact that blue fluorescence from
CAPC in l-chloronaphthalenc has been observed under ex-
citation by a Q=-switched ruby laser pulsel4. Higher
triplet cross=-over into the higher singlet manifold can
be ruled out as spin-selection rules hold true even at
higher excited levelsls.

We tlus conclude that excited singlet absorptions
are the most probable cause for residual losses of
phthalocyanine molecules., In the case of cryptocyaninc

molecules with lifetimes of all excited states shorter



Figure JIV=-14, Blue emission spectra of the phthalo~-

cyanine oxcited with Q~-switched laser output, LIx=-
4

perimental data showving blue emission of (a) CAPC in

pyridinc, and (b) H_ PC in l-chloronaphthalene, excited

2
with Q-switched laser output., Blue ahsorption bands
for the two dyes are also shown., Vertical scale is

relative,
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than the Q=-switched pulse duration, ériplct-triplot and

excited singlet=-singlet absorptions cannot be distinguished.

(2) Emission spectra from the higher excited singlet levels

Measurements on the blue fluorescence from the
phthalocyanine molecules excited by Q=-switched ruby laser
pulses were done with an experimental setup similar to
the previous fluorescence measurement setup; An RCA 7850
high gain photomultiplier tube with S=l11 cathode surface
was used to detect the relatively weak blue fluorescence
ocutput. Both solvents uéed, pyridine and l-chloronaphtha=-
lene, show dete;table blue fluorescence by themselves,
which amount to < 5% of the signal observed at peak in-
tensity level of 80 MW/cmz, and which was subtracted from
the final results. Fiqure IV=14 shows the blue fluores-

cence spectrum for CAPC in pyridine and H,PC in le=chloro-

2
naphthalene, excited with Q=switched ruby pulses of dura-
tion 20 nsec, peak intensity 20 Mw/cmz. The results for
CAPC agree with similar results oktained by Gibbld. The
blue absorption bands for both molecules are also shown
for comparison. One sees that the blue emission bands

are approximately the mirror images of the blue absorption
profile, indicating that the blue emission originated

from those states which have different parity from the

ground state. On the contrary, the second excited singlet

state which has the same parity as the ground state will

A I I o g o

N et

o
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Figure IV-15, Model of the dye molecules with three
absorptive transitions in the singlet manifold to
4

explain higher excited-state absorption behavior.
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15 calculations on the

be fortidden to fluoresce. Chen's
cnergy-lcvel structure for phthalocyanine molecules
showed that levels with both parities are present with
cnergy qaps respect to tlie qround state of approximately
twice the ruby laser photon energy. Thus the blue emission
from the phthalocyanine excited with ruby laser output
rust be due to tranczfer of excitation frem the second
excited singlet to the fluoresing level via'vibronic.
coupling., The rate of transfer should ke very fast and
has been confirmed by the experimental observation that
the bluc emission followed the Q-switched pulse to within
the detector response time, Feak blue fluorescence out-
put, excited with 20 MW/cm2 laser pulsc, was an order'of

1075 smaller in magnitude ccmpared to red fluorescence

at 7100 & excited with the same intensity pulse,

(3) Model for three absorptive transitions in the

singlet manifold

In order to investigate the behavior of the higher
singlet levels under high intensity excitation, we con-
sider a model of three absorptive transitions in the
singlet manifold, n, * n3, n, + ns, ng -+ n7,§s shown in
figure IV-15, Relaxations (non-radiative) for each level
will be assumed to be predominated by relaxation to the
next lower singlet level, Intersystem crossing from the

first excited singlet to the triplet is long compared to
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the pulse duration, so that the triplet state can be
neglected in our treatment. !oreover, the laser pulse
duration is long compared to the first excited singlet-
state lifetime. The above assumptions are approximately
true for both phthalocyanine molecules, We then have the

following set of equations,
dnlldt = -Ionn1 + n3/r3 = 0

- - - + -
dn3/dt o n n3/'r3 Io_ n n5/1 0

131 355 (IV-15)

dnS/dt = Iassn3 - ns/t5 = 0
liere we set 1, + 0; solving the above equations with the

condition that n_. + n_ + n_ = 1, we have

1 3 5
n, = 1/(aBI'% + I' + 1)
n, = I'/(aBI'% + I' + 1) (IV=16)

ng = «BI'%/(a81'? + I' + 1)

[} -
Where 1I' = 101313, a= 15/13, B = /013. The trans

o
35
mission characteristic of an optically thick sample can

now be derived from



Figure IV-16, Transmission characteristic for CAPC at
high intensity level. Experimental data showing peak
intensity transmission versus incident peak intensity
up to 100 Mw/cm2 for CAPC in pyridine, Thecoretical
curve from equation IV=18 with 8 = 0,22, a = 2,5 x 10

and ¢ = 1, is shown for comparison,

3
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dI/dx -'No 1013(n1 + Bn3 + cps) (IV=17)

Where ¢ = 057/013. After integrating with proper boundary

conditions, we obtain,

1 + BI'T + ch}I'T)z

T
1n =2 =(1/2¢=1/2) 1In
T 1 + BI' +gBeI'2

+ 1l - g$1£25- 1522 in 2a8cI'T+B-(82-4aBE)1/2
(84~ 4cBa) 2081 ' T+6= (B2-deBa) 1/ 2

2aBel' + B + (Bz - 4de)1/2
2aBcI' + B - (B2 - daBe) /2

(IV=-18)

There are only three indeper.ient parameters in the trans-
mission characteristic for the three absorptive transi-
tions model; a, B, and €, Experimental measurements of
peak intensity transmission for CAPC in pyridine up to an
intensity of 200 MW/cmz; with laser pulses of duration

20 nsec (FvIiM), are shown in figure IV-16, A theoretical
curve from equation (IV-18) with B = 0,22, a = 2,5 x 103,
€ = ]1 is drawvn to give the best fit to all data points,

It should be pointed out that the choice of the parameters
is not arbitrary; B is taken from the residual loss at

saturation of the first transition from the ground state,
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a determines the intensity level at which significant
population of n. is present, and ¢ determines the degree
of absorption from the ng level, We thus obtain an in-

ternal conversion lifetime for n. level of T ~ “’5 ~ 2,5

x 10-11 sec.y and a cross-sectizn of 0g, ~ 1.5 x 10716
cm? at 6943 & for the seccnd excited singlet state., H,PC
in l=chloronaphthalene shows no significant increase in
absorption up to an intensity level of 80 Mﬁ/cng we can
conclude that Tg for HZPC is shorter than aTy n 10"1lgec

to prevent significant absorption by the ng level, Re-

17

cent results obtained by Huff and DeShaze™ , indicated

that cryptocyanine exhibits increase of absorption at
an intencity level of 400 Mw/cmz, vhich is not obtainable
from our equipment, We cannot specify at present which
manifold, singlet or triplet, is responsible for the max-
imum behavior in transmission for cryptocyanine molecules,
The presence of a maximum in the transmission curve
is common to any model involving three absorptive transi-
tions., Higher triplet absorptions give similar maximum
behavior in the transmission as shown by Huff and DeShazel’
In view of the small triplet-triplet absorption cross-
section, and the large residual losses observed for the
phthalocyanine molecules, we can conclude that the higher

intensity absorption processes are due to interaction with

levels in the singlet manifold,
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Figure 1V-l7., Intensity dependence of the blue
emission from phthalocyanine., Experimental data
showing the peak blue emission versus incident peak
intensity for CAPC in pyridine, and HZPC in
l=chloronaphthalene, Thcoretical curves from
equation IV=16 for ng are also shown for comparison,

Vertical scale is relative,
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Measurements on the peak output of blue fluorescence
versus input laser peak intensity were done for CAPC in
pyridine and uch in .l=-chloronaphthalene, with laser pulses
of duration 20 nsec. monochromator seting at 4050 L.

The results are shown in figure IV=17, Results for CAPC
iq'pyridine are similar to the results obtained by Gibb
for CAPC in l=chloronaphthalene, Theroetical curves for
ng from equation (Iv=-16) are drawn for compgriaon, where
we have assumed that the transfer of excitation from the
second excited singlet to the fluorescing level is very
fast, and the expression for ng actually describes the
population of the fluorescing level., We see that for an
intensity up to 50 MW/cmz, good agreement with the model
iz obtained, indicating that the blue emission is due

to absorption from the first excited singlet state., As
the intensity level becomes'higher than 50 MW/cmz, the
blue fluorescence shows a superlinecar increase, with data
points fluctuating greatly. Bubkle formation was observed
for both solutions at 100 MW/cmz, “with HZPC in l=chloro-
naphthalene eventually carbonizing., We attribute this
increase in blue fluorescence as due to high field effect
produced by the high intonsity laser pulse, probably

18 due to filement formations in the

dielectric breakdown
solutions, and is probably not associated with any non=-

linear increase in the ng level population,



IV=-8 Conzlusion

It is found that a simple three-level model includ-
ing excited-state absorption can adequately (if not
completely) describe the saturation of absorption for the
three molecules; CC, HZPC and CAPC, Experimental results
on‘the saturation of absorption and fluorescence for the
threce molecules indicate that CC and HZPC can be described
as steady-state saturable (for typical Q-switched laser
pulses), and CAPC can be described as transiently saturable,
Absorption cross-sections Adeduced from results on the
saturation of absorption are in good agreement with
values obtained from other measurecments, Residual losses
associated with the saturation of absorption were found
to be due to excited singlet-singlet absorption. The
excited singlet-singlet absorption cross-scction for the
phthalocyanine molecules was found to be on the order of
10-17 cmz. The increase in the transmission of CAPC to
some maximum value with a subsequent decrease at a still
higher intensity level was determined to be caused by the
effects of three absorptive transitions in the singlet
maﬁifold. Comparing experimental results with the

11 sec for

theoretical curve, we deduced a value of n10°
internal conversion from the second excited singlet to

the first excited singlet state.
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CHAPTER V

TEMPORAL OUTPUT CHARACTERISTICS OF LASERS

Q=-SWITCHED BY SATURABLE ABSORBERS

V=1 Introduction ‘

The saturation characteristics of organic molecules
excited by an intense light pulse have been studied in the
last chapter, Here, we continue to investicate the inﬁer-
action of the dye molecules inside the laser cavity, in
relation to the formation of Q~switched pulses, Temporal
behavior and power output of the Q-switched laser pulses

will be considered analytically.

V=2 Rate Eggation Approach

A laser can generally be described a an amplifying

1,2 In the case

medium placed in a regénerative cavity.,
of a Q-switched laser, an initially ‘lossy switching
device is included in the cavity, which will withhold the
ongset of regenerative oscillation until the gain of the
amplifying medium is high, Then the device will switch

to a low loss level to permit the laser to start oscillation,



This situation crcates an enhanced regeneration Qith the
result that the system will discharge its energy very
quickly. _

A simple set of rate equations describing the evolu-
tion of the photon density and the population inversion
of the laser medium inside the laser cavity were used by
Vuylsteke3, and by Wagner and Lengyel4 to determine the
output characteristics of a fast switched lgser. Szabos'6'7
generalized the treatment to the case of a two-level
saturable absorber as a switching element inside tﬁe
laser cavity., Here, we will extend the treatment to in-
clude thc residual losses of the absorbers,

We assume that the absorber is a two-level absorbing
system, In view of the aralysis in the last chapter,
molecules which fall into either steady-state saturation
or energy saturation can equally well be described as a
two-level system with an effective life~time Tg for the
excited level, Vhere Ty is short in the former case, and
apprcaches infinity in the latter case. For molecules
belonging in the transient saturation category, a two=
level schcme is approximately true since the triplet
states are not significantly populated until the laser
flux reaches its peak value. Thus the effective life-time
Tg in this case will correspond to the excited singlet

state life-time R3.

The system being considered is a laser cavity of



length 2 containing the laser rod of'length d and absorkter
cell length S, Spatial and spectral distributions of the
radiation are neglectcd; in effect the laser is assumed
to be operating at the center of the gain line. The rate
of change of the photon density ¢ can bLe written as

ad a.S

dé m n Y
Co- e BB mamm T cueem. ¢ V-l
3t (tl " t:1) (Vv-1)

Where t. = &/c is the single pass cavity time, o = @

1l m

is the absorption coefficient for the laser medium with
m the normalized population inversion, o is the absorp-
tion coefficient for the absorbei, and vy is the fractional
photon loss for a single pass in the cavity due tc re-
flection or scattering losses.,

The rate of change of the populatimn inversion for
the laser and the ground state population of the absorber

can be written as

2a d
aMm _ M (V=2)
dt t
dn _ _ scon + 2B (V=3)
dt Tg

where M = M m is the inversion density for the laser mediun,
n is the normalized ground state population for the ab=
sorber, Tg is the effcctive lifetime fcr the excited state

of the absorber, and ¢ is the alsorption cross-section
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for the absorber. To take into account the residual ab-

sorpgtion by the absorber, we write

a = aon [n + B(1 = n)]) (V=4)

incye 3 = 0'/o , as ¢' is the absorption cross=-section

frem the excited state of the absorber., Letting

Yy + a S£ ' t
m_ = 90 .. and changing the time unit to'1 = =,
P .| T
om -
where T = S ., we have for ¢ = /M ,
Yy + a_ SB S
no
a (1 = B)s
& - @ - -on n-1)¢ (V=5)
T P Y
3—? - - 20, (V=6)
Mp
a/o -
dr mp TS/T .

where we used o = Mo, © being the absorption cross-

mno m

section for the laser medium, .

In the derivation of equations (V=5), (V-Q) and
(v=7), we have neglected the effect of pumping on the
laser medium; in effect we agsume that the laser medium
inversion had reached an initial value of m, as the
Q=switched pulse began to evolve. Then, having the initial

conditions that m ~ mis N ~ ni ~ 1, and approximately
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%% ~ 0, equation (V=5) becomes

m a_ (L = B)S
It S R - (V=8)
mp Y

Thus (V=5) can be written as
48 o B i-1) 016 (vV=5")
Tom, R :

It should be noted that (V=5') is identical in form
to the expression given by SzabOS, however, the parameter

mp in this case depends on the residual loss factor 8.

V=3 DAbsorber vith Long Excited State Lifetime (R S0

Absorbers in this case are energy saturated with Ty
longer than the evolution time for the Q-switched pulse,

Equation (V=7) reduces to

o/c
g"f = w8 n¢ (v=7")
s

Solving (V=6) and (V=7') for ni ~ 1

o 20/0m

n '_(EI)
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then (V=5') can ke put into the form

m
de B - (o

m
- V=9

Solving (V=-9) and (V=-6), we have

) 1 } mi } 22 cm m Zo/om-
¢ ¢i 3 (mi m) + (ﬁ; 1) p E_I(ni) 1)

m (V=10)
+ £ 2n B

2 ny

At the peak of the photon density, m « mp from (V-9)

for c/cm very large, We have used the fact that for most

2

organic saturable absorbers, ¢ -~ lo'lecm ’ aﬁd 0 ruby at

6943 & - 10'2°cm2, such that d/om ~ 104. The peak photon
density inside the laser cavity is then obtained from

(V=10), neglecting °i ’

m m o
= - (V=11)
¢p (my mp) + 52 in Ef

N -

If Yo is the portion of the cavity loss that goes ianto
useful output, then the total energy and peak power out=-

puts available from the laser can be written as

.
S N (n, = ng)) Adny 2 (V-12)

1
E =2 Mylmy =mg) =23 N(ny Y
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P =m¢ M Adhv 2 (Vv=13)
m P o

ty
Where A is the cross sectional area of the amplifying

medium, The arproximate pulse width can be obtained as

T ~ §- . Neglecting the energy loss due to the absorption
M :

by the absorber, which is small compared to the total

4

energy emitted by the amplifying medium, we have

mL- mf

mp.zn mp/mi + (mi - m

T ~ T (V=14)

p’

For a typical Q=switched ruby laser system, mp ~ %(mi-mf),
m, - 3mp, ve obtain an approximate pulse width of ~ 2T

Under these conditions, with Yo ~ &n 1/R ~ 0.4, R = 65%

as the output mirror reflectivity, and & = 30 cm, d = 10 cnm,

Aw=] cmz, peak power will be on the order of hu.dreds of
megawatts per cm2 in 10 nsec pulses,

For most of the organic molecules used as saturable
absorbers for ruby laser, o/op -~ 104 at room temperature,
Thus the second term in (V- 8) can be neglected, and the
equations reduce to the fast switch case as discussed by
Lengyel‘. The condition for the growth of the Q-switched
pulse from noise requires that g;i 2 0 with n, - l., From
e « This inequality is

mj - Mp
always true for large values of a/om: thus a small amount

(V-5') we arrive at o/g 2

of the spontaneous emission from the laser medium will
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Figure V-1, Analog computer solutions to equations

v=-5', V=6, and V=7, for the evolution of the Q=switched

laser pulse with Te ™ T,
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i =104~

enable the growth of the Q-switch pulse,

V-4 Apsorber with Short Excited=~State Lifetime

Absorbers in this case are either steady=state
saturated or transiently saturated. Solutions for the
photon density ¢ cannot be obtained analytically in a
simple form, Solutions to equations (v-s'); (v=6) , and
(V=7) were programed on an analog computer with parameters
appropriate for ruby lasers, A typical resﬁlt with ab-
sorber excited-state lifetime of Tg ™ T is shewvn in
figure V=1, °i is of the order of 10-4 as set by the
computer noise (which simulated amplificd spontaneous
emission), In order to compare this to the case of ab-
sorbers with long excited-state lifetime, solutions for
identical laser parameters with Tg + « were obtained from
the analog computer, Comparing the two cages, .we found
that the characteristics of ¢, in peak power, risetime
and falltime, are similar to within a few percents,

These results indicate that the lifetimes of the absorlbers
do not have a significant effcct on the Q=switched pulse

evolution, Similar conclusions have been reached by

. Szabo,7 and Mcleary,e in wi..ch they showed that for

o/om - 104, the characteristic of ¢ depends solely on the

two parameterst'ﬂi and 212 , for large value of ors/amT,
mp omT

v



«105=

the result approaches that of the fast switch case, Since
most abs3orbers saturate at an irradiance on the order of

oT 3

megewatts per cmz, from I_ ~ (oT )'1 we have —_— > 10 5
3 s OpT =

Thus the lifetime of the absorber will have negligible
effect on the characteristic of the output pulses provided

4
O/Om ~ 10 .

V=5 Discussion

The simple theory presented herr does predict several
features which are common to most of the Q-switched
lasers., The power 6utput and the pulse width depend sig-
nificantly on the initial inversion achieved for the laser
medium, Peak power output predi;ted by this theory as
compared with experimental results is generally smaller
by a significant factor., The shortcoming of this theory
is that certain nonlinear effects, such as the interaction
between different modes, and rod focusing effectsg, cannot

be taken into account,

For the three dye molecules HZPC, CAPC, and CC, used
as saturable absorber in the ruby laser, similar temporal
behavior of the output pulses has been observed. Since
CC dye has a high saturation irradiance of Is ~ ZMw/cm2

so it is commonly used to Q=switch ruby lasers in order

to obtain high peak power output pdlses.
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The exhibition of a maximum in transmission at

2 for capcC molecules will have a bearing on its

~20M1/cm
performance as saturable absorber. Nonlinear devices
with intensity dependent losses when placed in the laser
cavity will exhibit stabilization of the laser output.lo'lli
The bleaching and subsequent increase of absorption for
CAPC at high radiation flux may be useful for simultaneous
passive Q-switching and power stabilization'of the laser
outputs, It is found that CAPC when used &s a saturable
absorber for ruby laser does give more stable output with
peak intensity ~10Mv/cm2 compared with other absorbers

being used,
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CHAPTER VI

SPECTRAL OUTPUT OF A Q=SWITCHED LASER WITH
SATURABLE ABSORBERS; RELATED PROBLE! OF
HOLE=-BURNING

Vi-l, Intrcduction

Owing to the cffective inhomogeneous broadening1 of
the laser line in a standing wave cavity, Q-switched
lasers will not generally operate in a single axial mode.
Ruby lasers Q-switched with optical shutter (rotating
mirror) show an output spectral width of -1 cm'l,z'a.
Early attempts to Q-switch ruby lasers with saturable
absorbers showed a marked purity in the spectral output;

spectral widths of ~0,05 cm™t

were obtained without any
mode selective device inside the cavity.4 For a laser
cavity of length 30 cm, an output spectral width of
0.05 cm™! corresponds to oscillation in three to four
axial modes of the Fabry-Perot cavity, Herche:s has shown
that by incorporating a épcciul resonant reflector as the
output mirror in a passively Q-switched ruby laser, single
axial mode operation can be reproducibly ohtained,

If the absorption lines of the saturable abscrbers
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are homogeneously broadened (which is true for HZPC and
CAPC), one expects that no inhérently frequency~selective
property would be exhibited by these absorbers when used
for Q-switching laser, Sooy6 has shown that for a passive=-

ly Q=-switched laser, natural selection of modes could bc

‘enhanced due to the slow switching process of the absorber.

Another possibility was pointed out by SOffcr and
Mcrarland,7 who showed in their experiments with the
frequency~locking of two lasers that scme degrece of hole
burning does occur in the akbsorbers.

In this chapter we will briefly discuss first the
natural selection of modes by the absorbers, and then a
number of experiments that indicate the nature of the
hole=burning effect exhibited by the frequency-locking

of two lasers.

Vi=-2,Natural Selection 2£ Modes by the Absorber

As pointed out by SOOyG. the basic mechanism which
leads %to selection of modes as they grzw out of noise
arises from the fact that the buildup time for Q-switched
laser with saturable absorter is much longer than for fast
switched laser with either an optical or mechanical shutter.,
Since the initial photon density inside the cavity is of
the order 107 photons/mode, supplied by the spontaneous
emission from the amplifying médium, the dominant mode
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in a passively Q-switched laser has to reach a value of
-10%2 photons/mode, which is strong enough to bleach the
absorber in order for the laser to oscillate, The process
is completely different in the fasf—switched case, where
cach mode can simultancously compete for the gain in the
amplifying medium as soon as the shutter is opened, A
further support for this type of mechanism is the fact
that, by inserting a resonant reflector inside the cavity
of a passively QC-switched laser, off-resonant modes can
be suppresced with the output vavelength reproducible to
-0.005 8.°

Cthor nechanisms, such as spatial hole-burning in
the absorber cell, and Fabry-Perot cavity formed by the
absorber cell windows, can produce modec selection to some
degree. The former mechanism will be effective only when
the absorber is appreciably saturated, which cccurs only
during the last few transits of the cavity. The latter
mechanism will depend on the geometry of the dye cell in-
volved, and can easily be avoided.

1f the absorption line of the absorber is inhomo-
geneously broadened, a spectral hole will be burnt into
the absorption line by the predominant mode in the cavity;
such that the output spectrum will invariably consist of
modes which fall into the spectral width of the hole being

7

burned., Soffer and McFarland’ have shown that two lasers
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Figure VI-1, Experimental setup for frequency-

locking of two lasers,
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can be frequency-lécked if the output of the second laser
is switched on by saturating its absorber via the output
from the first laser. The absorber used in their experi-
ments was metal=free éhthalocyanine, which is known to Le
homogeneously broadened, Their resul:s indicated that
spectral hole-burning does exist in an absorber even
though its absorption line is homogeneously broadened.

‘

VI-3 Frequency-locking Experinentsa

Experimental setups similar to those used by Soffer
and Mcrarland7 were used to investigate the nature of the
hole=burning exhibited by saturable absorbers in inducing
frequency=locking »f two lasers., This is shown in
figure VI=l, The first laser, hereafter referred to as
the master laser, was a water cooled ruby laser system with
an 8=cm ruby rod in a 40-cm cavity consisted of a Brewster
angle roof prism and a resonant reflector with peak re-
flectance of 408, Cryptocyanine in acetonitrile was used
as the Q-switching saturable absorber, giving reproducible
output pulses with dut;tion 25 nsec, peak power ~20 MW,
and spectral width of ~200 MHZ, The cross-sectional area
of the output was approximately 1 cmz. |

The second laser, hereafter referred to as the slave
laser, was a similar laser system with cavity length

~75 cm. The output frcem the master laser was used to
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saturate the absorber in the slave laser cavity. The dye
solution was contained in commercial Q-switching dye cell
with AR-coated windows,and cell thickness 1.6 mm, The con~
centration of the dye solution was adjusted to give an
optical density of 0,35 at 6943 £, The operation of the
two liasers was achieved by synchronizing the two laser
pover supplys in such a way that the slave laser would
only lase due to the saturation of the absorber induced
by the output from the master laser, It was found that
when the two lasers lased in synchronization, the output
from the slave laser was always preceded in time by the
master output by 50 to several hundred nsec. For stable
synchronization, slave laser was generally operated at a
few percent below threshold pumping power required for
normal Q-switching operation,

The output from the two lasers were detected by a
fast IT & T plano~photodiode and displayed on a Tektronix
519 scope, A Fabry=-Perot quartz etalon with a 9 mm mirror
separation was used to observe the output spectrum. The
fringe pattern of the Fabry=~Perot was éplit along a dia~
me¢ter so that both output spectra could be separately but

simultaneously recorded.

(1) Erequency-locking with no mode selection in slave
cavity: Using a dielectr{c output mirror of reflectivity

35% in the slave cavity, consistent frequency~locking of
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Figure VI-2, Experimental results on frequency-

locking of two lasers, (a) Fabry-Perot interferogram
showing master and slave laser spectra to be frequencyf.
locked (free spectral range 15.7 Ghz), (b) Simule
tanecus scope~photo showing master laser pulse followed

by the slave laser pulse, Horizontal scale 50 nsec/div.
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Figare VI-3, Experimental results with resonant re-
flector in the slave cavity. (a) Spectra of master
and slave lasers (unslaved mode of operation),

(b) Spectra obtained during slaved operation.

(c) Scope-photo obtained at the time fig., V-~3b was
recorded, Note: in this case both the master and
slave lasers had frequency selective resonant re-
flectors, which precluded frequency-locking but did
not prevent slaved operation, Horizoﬁtal scales

-

50 nsec/div,
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the slave and the master lasers were observed for both
H,PC in l=chloronaphthalerid 2nd CAPC in pyridine used as
the saturable absorber. The spectral output from the
slave laser generally consisted of two adjacent axial
modes (separation 200 MHZ for cavity length 75 cm) of un-
equal intensity, dracketing the frequency of the single
spectral conponoht of the mast:ci laser, A typical inter-
ferogram and scope photograph are shown in figure VI=2
for the case in which the two lasers were frequency-locked
together., When the slave laser was not synchronized to

' the master laser, its output invariably consisted of a
number of spectral lines which were not reproducible,

The above results showed a much mo:i pronounced spectral
hole-burning in the absorbers than that observed by
Soffer and McFarland, in which additional spectral com=-

ponents from the slave laser were obco:vnd’.

(2) Slave laser with resonant reflector as output '.E.‘.'.E.’E.?.’.’."
The same experiments were ropoatod.uulnq a resonant re-
flector for the slave laser with peak reflectivity 35% as
the output mirror. The resonant reflector for tﬁe slave
lascr had a resonant frequency which differed from that of
the resonant reflector in the master laser by about 6.8
Gliz, which was checked by figinq the two laser separately.
The results obtained by synchronizing the two lasers are

shown in figure VI=3., The slave laser lased at the same
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frequency as it did without synchronization to the master
laser, however, the slave output exhibited synchronization
to the master output with approximately the same time
delay as in the case of frequency-locking., One thus -eei
that the resonant reflector in this case was sufficiently
effective to prevent the slave laser from locking on
spectrally to the master frequency, but that th > satura-
tion produced by the master laser pulse was responsible

for triggering the slave laser,

(3) Time delay betveen master and slave laser pulses:
Since the absorbers used in these experiments have been
shown to be homogeneously broadened.s'g the operation of
the slave laser in the synchronized mode is cssentially

a fast-switched laser as described by Lcngyel.lo The
pulse buildup time from the moment of switching is approx-
imately proportional to the cavity length,and depends on
the initial prpulation inversion for the amplifying
medium, A number of experiments were performed under
different conditions to investigate the time delay between
the master and the slave laser pulscs, and its effect on
the frequency=locking of the two lasers, A dielectric
output mirror of 35% was used for the slave laser in
these experiments, At first, the slave laser cavity

length was increased to 150 cm, the time delay for the

two pulses increased to ~600 nsec with the same effectiveness
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Master Peak Output
2 20
MW/cm

Master Peak to Slave
100
Peak (nsec,)

5.0 2.0

145 165

(a) Slave delay as a function of master laser

intensity

Master Peak Output

" 20

Mv/cm

From the point the

absorber is 5%

bleached to Master 100
Peak (nsec,)

From the point the

absorber is 5% 200
bleached to Slave

Peak (nsec.)

5.0 2.0
70 SS
215 220

(b) Sliave delay from the point of switching
{the absorber is 5% bleached)

Table IIX

* Sge reference 1l
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of frequency-locking as before. In thc second series of
experiments, the pumping power from the slave laser power
supply was varied, A decrease of the time delay Lctween:
the two pulres resulting from an increase of the pump
power was observed, licwever, as soon as the pumping level
was greater than 108 ahove the minimum level for clave
action, the slave laser fired before the mascter laser,

The same type of frequency-locking was observed when the
tvo lasers were in synchronizatinn, The above results
qualitatively confirmed the fasteswitching nature of the
slave laser operation. 1In the third series of experiments,
the master laser output was. attenuated with calibrated
filters made of solutions of Cuso4, thereby varying the
intensity level incident on the absorber in the slave
cavity. The results are shown in Table lIl-a, The time
delay between the two pulses increased (measured from

peak to peak) as the master output level was decreased,
and no slave action could be observed when the master
output was below 1 MW/cmz. Frequency=locking to the same
degree was observed down to an intensity of ZMI-.'/cm2 from
the master laser. The cutoff intensity level of -~1 Mw/cnz,
at which no slave mode could be operated, does correspond
to the intensity level at which the dye molecules begin.
to saturate completely. In order to find the buildup time
for the slave pulse in this case, the starting time should
be taken as the time at which the switching process of the
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absorber has just begqun, Since the initial photon flux
in the slave cavity will experience increased gain as soon
as the absorber shows a few p._-cent bleaching, we can
safely assume that this level of bleaching will corres-
pond to the starting time for the slave pulse to evolve,

11 the time interval from the moment

As shown by Stockman,
the absorber exhibits 5% bleaching to the time the slave
pulse reaches its peak, is approximately the samc for the
three master intensity levels, The results are shown in

Table II-b,

Similar experiments were attempted with cryptocyanine
as the absorber in the slave cavity, but without success
in that the synchronization of the two lasers was not
possiblqz This result is not surprising in view of the
nature of the slave operation which is ecssentially a fasi~-
switched laser. After the passage of the master pulse,
phthalocyanine molecules with their 1lang triplet state
litetimc.will be transparent for -1 usec, whereas most of
the ground state population for the crypyocyanine mole-

12 were able to

cules will be returncd, Kaiscr and Power
frequency=lock two lasers with cryptocyanine as absorber
in the slave cavity. Since the output intensity from

their master laser was of the order of a few hundred MW,
the frequency-iocking results may well have been cdue to

the injection-locking of two lasers observed by Rondarenko,

13
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In all the measurements akove, the two lasers werc
set with their output polarization in the samec plane. By
setting the two polarizations orthogonal to each sther,
identical results were obtained, confirming the recsults
obtained by Soffer and Mcrarland.7

Recent experiments on frequency=-locxing by Stockmanu
aive a further indication as to the nature of the spectral
hole burned into the absorber, Using two fﬁcntical rescnant
reflectors whose adjacent resonant frequenciess were sep-
arated by about 0.2 cm™l~6 GHZ for both the slave and the
master lasers, measurcnents vere performed by pressure
scanning the second resonant reflector in the slave cavity,
Stockman ohserved consistent frequency=locking of the two
lasers by detuning the resonant frequency of the slave

1 ~3 GHZ from the master

resonant reflector up to 0,1 em
frequency for CAPC in pyridine as absorber. On the other
hand, frequency=locking could be maintained only up to

0.4 cm'1

~1.2 GHZ separation of the resonant frequencies
if CAPC in cyclohexenol was used as absorber, Since by
tuning ths resonant frequency of the second resonant re-
flector away from the master frequency, one gradually in-
troduces higher losses at the master frcquency, this
measurement incicates that the depth and/or width of the

hole depends on the solvent used.
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Vi-4, Intergretation'and Discuision

The consistent frequency=locking between the slave
and the master laser which we observed indicates positively
that a spectral hole can be burnt into the absorption line
of the absorber. Since the slave mode operation results
in essentially a faste-switched laser, the natural selec-
tion of modes by the absorber, as pointed out by saoy,6
is not very effective in this case. The fact that the
output spectrum from the slave laser is always within the
spectral output bandwidth of the master laser, indicates
that the spectral hole is sufficiently narrow to effec-
tively discriminate against oscillation at further re-
moved frequencies,

The degree of mode discrimination by the spectral
hole could be inferred by considering the experimental
results in Vie3=(2), in which frequency-locking was pre-
vented by the use of a second resonant reflector. In
this case, the slave laser was still triggered by the
master laser, with a time delay of approximately 100 nsec
between ths two pulses, For the slave cavity length of
75 ‘cm, this will correspond to about 20 loop transits for
the buildup of the slave pulse in the dominant mode.

For the special resonant reflector being used (made of
two identical 2 mm quartz plates separated by 2.5 om),

the reflective loss for the adjacent mode separation of
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200 MHZ will correspond to about 0,1 dB* per pass. Thus
in the 20 loop transiis, a net:gain of ~2 dB relative to
the adjacent axial mode will be provided by the resonant
reflector in favor of emission in the axial mode coinci-
dent with the resonant frequency. In the case of fre-
quency-locking where a broad-band dielectric mirror was
used, the slave laser output consisted of just one or two
adjacent axial modes. The output spectrum for the slave
laser in this case was determined solely by the spectral
hole burned into the absorber. One can then conclude that
a minimum net gain of 2 dB will be provided for the mode
at the center of the spectral hole. If we assume further
that the spectral hole exists only during the passage of
the master pulse, of order 30 nsec corresponding to 6
loop transits in the slave cavity, the spectral hole would
have to have a maximum hole width (FWH!) of approximately
a few hundred MHZ (based on a minimum 2 dB attenuation in
200 MHZ for a hole with Gaussian profile).

The several possible mechanisms which have been pro-
posed to explain the opse:ved frequency~-locking experi-
ments will be discussed in the following:

2
The definition of 4B is;

dB = =(10) loglo(transmission)
= =(10) log,,(e"%¥)

= 4.34 (a x)
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(1) Scattering: If sufficient amourt of radiation from
the master laser could be injected into the slave cavity
at the time the slave laser reaches threshold, frequency-

locking of the two lasers could be bbtained.l3

Aslshown
by Stockman,11 based on a fast-switched model with para-
meters as listed in Table II=b, and assuming the initial
photon density of 107 photons/mode6 at the point the
absorber exhibits 5% bleaching, the photon density would
be ~1012 photons/mode when the master laser output of

20 MW/cm2 reached its peak value; Experimental measure-
ments on the amount of scattering by the dye cell irra-
diated by 20 Mw/anz Q-switched laser pulses were performed,
The scattering at 6943 R was detected with a calibrated
EG & G "Lite-Mike" detector. The maximum amount of light
that we were able to scatter into the slave cavity was

7 photons/mode, a value smaller by

found to be 10% to 10
a factor of 10”7 from the estimate above. We thus con-
clude that scattering is not responsible for tha frequency-
locking results, A similar conclusion has heen reached

by Soffer and McFarland.7

(2) Transient hole;burnigg by selectivelx_gggg&g&iag
the upper vibronic sublevel:8 Even though the absorbers
that we used in the frequency-locking experiments are
homogeneously broadened (in the sense that uniform deple-

tion of absorption across the absorption profile occurs
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during the passage of a Q-switched ldser pulse), spectral
hole=burning can still occur due to the finite relaxation
time of the subvibronic level in the first excited singlet
state that was being reached by thé intense liqght pulse,
If we consider the energy-level scheme for the molecules
as shown in figure II-2, where absorptive transitions
originate from the lowest vibronic level in the ground
state and excite into the jth vibronic sublevel of the
first excited singlet state, There the molecules relax
non=-radiatively down to the zeroth viLkronic level with a
relaxation time Tv . From this zeroth vibronic. level,

the meclecules then decay back to.the ground state via
different channels with a net.relaxation time 1. The rate

equations for the populations of these levels are

dnloldt = -Io(nlo - n30) + n30/t (VI-1)
dnaoldt = n3j/TV - nao/r (VI=2)
dnaj/dt = Ia(nlo - nBj) - n3j/rv (VI=3)

where ¢ is the absorption cross=section, and ni's are the
normalized population for the ith level (the second sub-
script denotes the vibronic sublevels), The absorption

coefficient for the 10 + 3j transition is given by
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Figure VI=-4, Transient spectral hole-burning.
Hypothetical time development of a transient spectral
hole. The curves labelled n30(t) and nlo(t) show the
buildup and decline of the lowvest vibronic sublevels
of the first excited and ground electronic states
respectively. The lowest curve is proportional to
the spectral hole depth, and shows the population of
the excited vibronic sublevel which decayé with a
lifetime 1, It is assumed that the exciting radia-
tion field is a step-function in time. The figure

is intended to be illustrative only,
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where No is the total concentration of the dye moleculcs,
The absorption coefficients for the 10 + 3i (i # j,0)

transitions are given by

%0 + 3§ " N, 9n5, ‘ (V1=-5)
The spectral hole produced in this case will be given by

Aa, where

ba = 010 4 35 " %0 + 34
(VI-G)

- No c n3j
The maximum depth of the hole can be found from (VI-3)
directly

A“max - No °(n10 I0)/(Ic + 1/71,) (VI=7)
Figure VI-4 illustrates the solution for (VI-l1, 2,3),
assuming that there are no other significantly populated
levels, and 1 >> Tye Inspection of (VI=7) shows that the

maximum spectral hole depth has an upper limit of
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Aamax S N, 0(10)/(Io + 1/%,,) (V1-8)
For absorber of thickness x, the net gain GdB after m

loop transits inside the slvae cavity vill be

GdB = 4,34 m (Aa) x (VI=9)

{

Substituting the expression for A“max from (VI=-8), we have
Ty = GdB/[(4.34 mNX - GdB) 1o] (VI=10)

An estimate value of 1, can be obtained by substitut-
ing the parameters appropriate %¢ the experimental con-

2% photons/cmz-sec,

dition, N, -~ 1016 moleculea/cms, I.10
X = 0,16 em, 0 ~ 5 x 10'15cm2, and a 2-dE net gain figure
in two loop transits of the slave cavity from the above
discussion, we have 1, ~ 5 x 10712 gec.

This simple account of the spectral hole=burning
gives a reasonable value for the vibronic relaxation time,
However, experimental results indicated that for a master
pulse of peak pocwer 2 MW/cmz, identical frequency=-locking
was observed., In this case the net gain provided by the
transient lLole would be a factor of 10 smaller, which
‘would be insufficient to discriminate against oscillation

in off-resonant frequencies.,
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(3) Hole-hurning due to two=-wave intcraction in the

absorber: Tan and Schwartzl!? have shovn from their cal-
culation that, for absorptive moleculcs interacting with

a strong wave at frequency w, and a weak wave at w,, boti

1
near resonance of the molecular transition, thc weak wave
will experience reduced absorption duc to the nonlinear
coupling of the two waves by the molccules. The spectral
hole width deduced from their calculation (baced on den-
sity matrix approach to a two=level systemls) was Z/Tl'
vhere Tl ig the decay time for the upper level., Further-
more, the depth of the hole was found to be linearly de-
pendent on the strong wave intensity. The interpretation
of experimental results by this theory is difficult as
the absorber used were not simple two-level systems,
Furthermore, this theory does not take into account the
solvent interaction which evidently plays a role in the
hole=burning processes,

At present, no theory' has adequately explained the
type of spectral hole-~burning in organic absorbers asso-
ciated with the frequency-=locking of two lasers that we
and others have observed., This type of hole=burning will

not be effective in determining the output speqtruﬁ of a

dye Q-switched laser, as the hole will be induced only

3
I feel that the recent explanation proposed by Sftockman,
in which the fluctuation of the indices of refractica cf
the solvent was resronsible for the spectral hole, is
incorrect, and was based on an unrealistically large value
for A4n,

11
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wvhen a dominant mode reaches sufficiently high intensity.
A useful application of the above experimental techniques
is in the production of two high intensity light pulses
with identical narrow spectra having a time delay which

can be varied from 50 to 500 nsec.
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CHAPTER VII
CONCLUSIONS

Vii-l, Summary

In Chapter II and III, we discussed briefly the pri-
mary photophysical processes of polyatomic molecules
which are applicable to a dilute system using a model
based on the modified Jablonski energy=-lcvel model. Sev-
eral different lifetimes for the three molecules:
Cryptocyanine, metal-frce phthalocyanine, and chloro=-
aluminum phthalocyanine, were determined experimentally,
In pﬁrticular, we found that the intersystem crossing
time for H,PC was 25 x 10"9 sec, indicating that the in-
ternal conversion time from the first excited singlet to
the ground state was 7 x ].0"9 secC,

Ja Chapter IV, we analyzed the saturation of the
molecular absorption for the three molecules under ex-
citation by intense Q-switched ruby laser pulses using
the various lifetimes determined from Chapter III, Ex=-
perimental results were comparable with analytical results
based on a simplified four=-level model with excited=-state

absorption, From the range of the Q-switched rpulse

=]32=
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duraticns being used, we concluded that the saturation of

2PC can be described as steady-state

saturation, whereas CAPC can be described as transiently:

cryptocyanine and H

saturable, Excited=singlet-state absorptions were found
to be the cause for residual losses exhibited by the
phthalocyanine nolecules, The excited singlet-singlet
_absorption cross-scctions were desduced from the trans-
mission data to be of an order ~10"17em?, fThe fact that
an increase in the transmission of CAPC to a maximum with
a subsequent decrcase at still higker intensity level was
found to bc due to the effect of three absorptive transi=-
tions in the singlet manifcld, A value of 10711 gec for
internal conversion from the second to the first excited
singlet states was deduced from the transmission curve,

. In Chapter V, we discussed the general character-
istics of dye Q=-switched laser output. A simple two-
level model was used for the absorbers in descriking the
temporal behavior of the Q-switched output, Output pulse
parameters such as peak power and pulse half=-width were
found to have insignificant derendence on the absorber
lifetime due to the large absorption cross-section ex~-
hibited by the dye molecules, We concluded that phtha-
locyanine molecules when used as saturable absorbers are
best suited for lcw power level (10 Mw/cmz) applications

due to the relatively low intensity required for satura-

tion.
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Several mechanisms which lead to mcde selection by
the absorber for Q-switching ruby lasem vere discussed in
Chapter VI, 1In particular, the nature of spectral hole-
burning which is responsible for ffequency-locking of two
lasers was investigated experimentally in some detail,
Several possible mechanisms, scattering, transient hole
burning, and coupling of waves in the absorber, were
found to be inadequate to exrlain our experimental

observations,

VIiI-2, Suqggestions for Further Work

Since the saturation of molecular absorption procenses
in our investigations are mainly concerned with incident
pulses of duraticns 10 to 30 nsec, it would be intcrest-
ing to extend the investigation to pulses of shorter dura-
tion, say 10-11 sec., At present, these type of pulses .
can be obtained from mode~locked lasers using a single
pulse selection teclmique.1 There arc several advantages
of using pulses of shorter duration. One could, for ex-
anmple, use this method to detect molecular relaxation
times in the range of 10"'9 to 10'11 sec, and to measure
excited singlet-state absorption spectra, Conventional
photo=-detectors using the ultra-fast light gate techniquez
can be used for detection in this case. The saturation

of molecular absorption processes in this case cannot be
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described by the rate equation approach, due to the fact
that coherent interaction, such as self-induced trans-
parency,3 will become important.

The problem of spectral hole=burning of the type
that induces frequency-locking of two lasers, is still
unresolved by our investigation. The difficulty involved
is that the exact nature of the spectral hole cannot be
measured accurately, Furthermore, molecular processes
in the time scale less than 10~° sec are still not well
understocd., If one can design a sufficiently powerful
tunable cw laser, with an output spectrum as narrow as

the Q=-switched ruby laser output, then the width and the

depth of the spectral hole could be measurci accurately.



1,

2,

3.
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